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INTRODUCTION

Autoimmune disease has an estimated prevalence of 4.5% in the
general population with generally 81 disorders considered to be an
autoimmune disease or syndrome. Current effective treatments rely
heavily on immunosuppression, and although immunosuppression
is an effective treatment for many patients, a large number of patients are not able to tolerate long-term use of immunosuppressive
therapy often due to side effects including serious risks of infection.
Initial treatment of many autoimmune diseases generally starts
with corticosteroids. Patients who cannot tolerate corticosteroid use
are often switched to other immunosuppressive drugs such as
methotrexate, hydroxychloroquine, tumor necrosis factor– (TNF-)
inhibitors, abatacept, anakinra, rituximab, or tocilizumab depending
on the autoimmune disease and previous experience.
For non-immunosuppressive regimes, patients can sometimes be
effectively treated with infusion of large doses of intravenous immunoglobulin (IVIg). The mechanism of effect of IVIg in autoimmunity remains controversial with a variety of mechanisms proposed
(1–3). The use of IVIg requires the collection of large amounts of
plasma for the manufacture of the product, and its considerable
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yearly increase in use for treating autoimmune and inflammatory
diseases is a major challenge.
Rhesus immunoglobulin (anti-D) is a polyclonal immunoglobulin
G (IgG) antibody directed against the Rhesus D (RhD) factor pre
sent in red blood cells (RBCs). It is thus a type of IVIg collected from
the blood of men intentionally immunized with RhD+ RBCs (4).
Immune thrombocytopenia (ITP) is an autoimmune disorder characterized by the production of platelet-reactive autoantibodies in most
patients (5). Antibody-sensitized platelets then interact with activating
Fc receptor (FcR) on splenic macrophages followed by phagocytosis
resulting in thrombocytopenia. This pathophysiology is thought to
operate in most patients with ITP (6). Anti-D is an effective firstline therapy for ITP (7–12) and was used in ITP on the basis of the
observation that IVIg caused anemia in RhD+ patients with ITP and
the speculation that anti-D works by overloading macrophages with
erythrocytes and in effect competing out the destruction of platelets
in ITP (13–15).
Anti-D is highly effective in about 65 to 85% of patients with ITP
and works at a 5-log–fold lower dose than IVIg (50 to 75 g/kg versus
1 to 2 g/kg) and can achieve a clinical response faster than IVIg (16).
When compared to typical immune-inhibitory monoclonal antibodies, it is used at a ≥2-log–fold lower dose than rituximab or
ofatumumab (anti-CD20), tocilizumab [anti–interleukin-6R (IL-6R)],
belimumab [anti–B cell activating factor (BAFF)], epratuzumab (anti-
CD22), abatacept (CTLA-4-Ig), certolizumab (anti–TNF-), and
canakinumab (IL-1 block) for other autoimmune diseases (17, 18).
Thus, anti-D is a high-activity antibody that would be attractive to
use more widely. However, the proposed mechanism of action of
anti-D in autoimmunity and its failure in a patient with chronic
inflammatory demyelinating polyneuropathy (CIDP) (19) has limited
its consideration to only ITP. Using murine models of ITP, we and
others have shown that monoclonal antibodies to erythrocytes can
also successfully ameliorate thrombocytopenia (20–25).
The antibody Ter119 reacts with a glycophorin A–associated
protein on murine erythrocytes and has been used as a model antibody
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Treatment of autoimmune and inflammatory diseases typically involves immune suppression. In an opposite
strategy, we show that administration of the highly inflammatory erythrocyte-specific antibody Ter119 into mice
remodels the monocyte cellular landscape, leading to resolution of inflammatory disease. Ter119 with intact Fc
function was unexpectedly therapeutic in the K/BxN serum transfer model of arthritis. Similarly, it rapidly reversed
clinical disease progression in collagen antibody-induced arthritis (CAIA) and collagen-induced arthritis and completely corrected CAIA-induced increase in monocyte Fc receptor II/III expression. Ter119 dose-dependently induced plasma chemokines CCL2, CCL5, CXCL9, CXCL10, and CCL11 with corresponding alterations in monocyte
percentages in the blood and liver within 24 hours. Ter119 attenuated chemokine production from the synovial
fluid and prevented the accumulation of inflammatory cells and complement components in the synovium.
Ter119 could also accelerate the resolution of hypothermia and pulmonary edema in an acute lung injury model.
We conclude that this inflammatory anti-erythrocyte antibody simultaneously triggers a highly efficient anti-
inflammatory effect with broad therapeutic potential.
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to understand how anti-D may increase platelet counts in murine-
passive ITP (22–24, 26). We report here that Ter119 not only stimulated a number of inflammatory effects including the expected
induction of anemia but also caused rapid changes in body temperature and systemic increases in inflammatory cytokines. This
effect of the antibody to essentially fight inflammation with inflammation in multiple models of arthritis and transfusion-related acute
lung injury (TRALI) could indicate that regimens to treat inflammatory disease may potentially go beyond just immunosuppression.
RBC antibodies comprise a previously unexplored option to potentially consider in the treatment of inflammatory and autoimmune
disorders.
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The Ter119 antibody with intact Fc domain function has
therapeutic activity in the K/BxN serum transfer model
of inflammatory arthritis
Rheumatoid arthritis is a common autoimmune disorder affecting
roughly 1% of the world population and involves inflammation of
the synovial joints (35). The murine K/BxN arthritis model captures
many of the immunological mechanisms of human rheumatoid arthritis (36), and we used this model to test Ter119’s potential broad
therapeutic activity.
C57BL/6 mice injected with K/BxN serum developed inflammatory arthritis, evident 2 to 3 days after serum injection based on
their ankle width (Fig. 2A) and clinical score (Fig. 2B). Disease severity increased with time, reaching a maximum at days 7 to 8. In
comparison, mice prophylactically treated with Ter119 demonstrated significantly reduced arthritis scores (P < 0.01; Fig. 2, A and
B). These data demonstrate that a monoclonal antibody to RBC can
inhibit the development of inflammatory arthritis, suggesting that
Ter119 might exert broad therapeutic activity beyond the treatment
of only ITP.
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Fig. 1. The monoclonal RBC-specific antibody Ter119, an antibody with inflammatory properties, can treat murine ITP chronologically disparate from
anemia. (A) CD-1 mice were assessed for rectal temperature (t = Pre), warmed for
5 min, and then injected with 40 g of control rat IgG (n = 6 mice; squares) or Ter119
(n = 6 mice; circles), and rectal temperature was taken 10, 20, 30, 60, and 120 min
after antibody injection. (B) Groups of CD-1 mice (n = 5 per data point) were independently assessed for anemia with terminal bleeds. Mice were treated with 40 g
of rat IgG or Ter119 and analyzed at the time points indicated. The time point represented as zero is a prebleed for the mice treated with IgG or Ter119. (C) To assess
the ability of Ter119 versus control IgG to increase platelet counts in a passive ITP
model over time, mice were first treated with Ter119 or IgG for the duration depicted
on the x axis and terminally bled for platelet counts. Sixty minutes before this,
terminal bleed mice were injected with 3 g of antiplatelet antibody to induce
thrombocytopenia. For clarity, the Ter119-treated mice at the 1.5-hour time point
in (C) were injected with Ter119 (intravenously) for 30 min followed by antiplatelet
antibody (intravenously) and then bled for platelet counts after a further 60 min.
The time point represented as zero in (B) is a prebleed for all mice in the experiment. Data are presented as means ± SEM from five separate experiments with one
mouse for each data point in each experiment (80 mice in total for the subpanel);
each time point (except for time 0) is a terminal bleed and assesses different mice.
Statistical analysis was performed using multiple t tests. *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001 in comparison to the same control IgG time point.
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Ter119, an antibody with inflammatory properties, can treat
murine ITP uncoupled from anemia
The dogma regarding the mechanism of action of anti-D in ITP is
the saturation of macrophages by anti-D–opsonized RBCs, which
simply compete with sensitized platelets for splenic clearance (27–32).
Mice treated with Ter119, however, underwent a rapid drop in body
temperature measurable within 10 min after injection (Fig. 1A).
Despite this inflammatory event, mice subsequently treated again
with Ter119 24 hours later were protected against a second drop in
body temperature (fig. S1).
Ter119 is known to induce anemia (33, 34); to determine whether
anemia was a prerequisite for the amelioration of murine ITP
by Ter119 observed previously (21–26), mice were injected with
Ter119 to induce anemia (34) versus a control rat IgG. To evaluate
the ability of Ter119 to ameliorate ITP, murine-passive ITP was induced with an antiplatelet antibody (Fig. 1C). Ter119 marginally
decreased RBC counts commencing 3 hours after administration
(Fig. 1B) yet significantly increased platelet counts after ITP induction well before this time point (P < 0.05; Fig. 1C). Conversely, there
was no amelioration of ITP coincident with maximal anemia on day
4 after administration (Fig. 1, B and C). These data indicate that the
development of anemia did not correlate with the amelioration of
ITP and led us to speculate that Ter119’s inflammatory yet therapeutic activity in ITP might actually be broadly immune modulatory.

Platelets × 10 / l i t e r
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Fig. 2. Ter119 inhibits inflammatory arthritis in the K/BxN model. C57BL/6 mice were assessed for basal arthritis measurements on day 0 (A and B), and then, one
group of mice received 45 g of Ter119 (circles), the other group (squares) received nothing. Two hours later, all mice received an injection of K/BxN serum. Ankle measurements (A) and clinical score (B) were taken every day for 10 days. Data are expressed as means ± SEM divided across four separate experiments with ≥7 mice per
group. Mice received an injection of K/BxN serum with no pretreatment (C and D). On day 5, arthritic mice were treated (arrow) with nothing (squares), 50 g of control
anti-RBC antibody 30-F1 (triangles), or 45 g of Ter119 (circles). Ankle measurements (C) and clinical score (D) were measured on days 0 to 2 and days 5 to 9. Data are
expressed as means ± SEM divided across four separate experiments. n = 5 (K/BxN serum alone); n = 6 (Ter119); n = 7 (30-F1). To assess the requirement for Fc region
glycosylation in the therapeutic function of Ter119, C57BL/6 mice were injected with K/BxN serum for 5 days and then administered with either no treatment (squares),
45 g of Ter119 (circles), or 45 g of Ter119 that had been previously deglycosylated using PNGase F (triangles), and ankle measurements (E) and clinical score (F) were
assessed. n = 7 (K/BxN serum alone); n = 7 (Ter119); n = 8 (degly-Ter119). Statistical analysis was performed using multiple t tests (A and B) and two-way analysis of variance
(ANOVA) test with Dunnett’s multiple comparisons test compared to the control arthritis group (no treatment group) (C to F). *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001.
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The Ter119 antibody has therapeutic activity in collagen
antibody-induced arthritis
Although the K/BxN serum transfer model is considered a valuable
tool for understanding human inflammatory arthritis, the predominant IgG1 autoantibodies are thought to form soluble immune
complexes with the ubiquitous glucose-6-phosphate isomerase in
sera followed by deposition in the joints (37). To evaluate a different
model of inflammatory arthritis reliant on IgG2a/b subtype autoantibodies, which directly target collagen in the joints, we used the
collagen antibody-induced arthritis (CAIA) model. Mice injected
with the CAIA cocktail and lipopolysaccharide (LPS) were examined for clinical score and injected with Ter119 or an isotype
control antibody after presentation of arthritic symptoms on day 5
(Fig. 3A). Ter119 again ameliorated disease activity within 1 day of
its injection, leading to markedly improved paw redness and swelling on day 8 (Fig. 3B) and improved histological scores on day 12
(Fig. 3, C to E).
The Ter119 antibody rapidly and selectively corrects
the arthritis-induced increase in FcRIIB/IIIA expression
in CAIA
Because Ter119 had a requirement for Fc region glycosylation in
the K/BxN model, and this glycosylation is critical for driving interactions with FcRs and complement, we evaluated the effect of different doses of Ter119 (Fig. 4, A and B) on FcR and complement
receptor expression on monocytes in CAIA mice (on day 6), 24 hours
after Ter119 injection (Fig. 4C). In comparison to arthritic mice
treated with only the isotype control antibody (isotype), Ter119
treatment demonstrated a selective reduction in FcRIIB/IIIA
(CD16/32) to a point indistinguishable from naïve mice (Fig. 4C).
In contrast, expression of FcRI (CD64), CR1/CR2 (CD21/35), and
the C5a receptor (CD88) was not decreased by Ter119 but rather
increased (Fig. 4C) commensurate with an inflammatory response
(41, 42).
Crow et al., Sci. Transl. Med. 11, eaau8217 (2019)
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Ter119 affects inflammatory cells and mediators in CAIA
Ter119 can ameliorate murine ITP independent of FcRIIB (22),
suggesting that it may work through FcRIII. FcRIIIA (but not
FcRI or II) cross-linking of human blood mononuclear cells has
been shown to lead to the induction of CCL2 (43), which can initiate
innate cell migration. To examine the induction of CCL2 and other
key chemokines, we examined plasma concentrations of chemokines
involved in monocyte (CCL2 and CXCL10), neutrophil (CXCL5 and
CXCL9), lymphocyte (CCL5 and CXCL10), and eosinophil (CCL11)
migration (Fig. 5A) after Ter119 administration. With the exception of CXCL5, Ter119 induced dose-dependent increases in these
chemokines (Fig. 5A), suggesting an effect on cell migration. Because Ter119 increases platelet counts in murine ITP independent
of the presence of B cells and T cells (21), we focused on migration
of monocytes (Fig. 5B). Ter119 completely normalized the CAIA-
induced decrease in monocytes in the blood (Fig. 5B) and increased
monocytes in the liver as well (Fig. 5B).
Ter119 reduced or prevented the accumulation of inflammatory
cells in the joint 24 hours after its injection (Fig. 5C). Examination
of cytokines/chemokines from synovial fluid showed substantial
dose-dependent decreases in the inflammatory cytokines/chemokines
CCL2, TNF, CXCL5, and CCL5 demonstrating a significant decrease in chemokine/cytokine secretion in the joints (P < 0.05;
Fig. 5D). CAIA results in increases in both C3 and C5a in the joints
(44), and these complement components, as well as C1q, were all
elevated in the joints of arthritic mice treated with the isotype control IgG (naïve versus control; fig. S2) but were all significantly
and dose dependently decreased by Ter119 in the joints (P <
0.01; fig. S2).
Ter119 with impaired Fc domain function retains its ability
to induce anemia but does not exhibit therapeutic activity
in CAIA
To assess the anemia and verify whether deglycosylated Ter119 has
therapeutic activity in CAIA, mice with established disease on day 5
were treated with either Ter119 or deglycosylated Ter119 (1.5 mg/kg)
and assessed for subsequent clinical scores (Fig. 6, A and B). The
deglycosylated Ter119 had no effect on the progression of arthritis
(Fig. 6A); in comparison, wild-type Ter119 did statistically reduce
arthritic clinical scores (Fig. 6B). To determine whether this difference was potentially due to a lack of in vivo binding to erythrocytes,
mice on days 6 and 8 of the experiment were bled, and erythrocytes
were assessed for ex vivo sensitization using anti-rat–phycoerythrin (PE)
antibody. Deglycosylation of Ter119 does not affect RBC sensitization (23). Mice injected with deglycosylated Ter119 actually had
higher erythrocyte sensitization as compared to mice treated with
wild-type Ter119 on day 6 (Fig. 6C) and day 8 (Fig. 6D; days 1 and
3 after treatment, respectively) . To examine the effect on anemia,
erythrocyte counts were assessed from days 6 to 12; both Ter119
and deglycosylated Ter119 induced anemia at all of the time points
shown (Fig. 6E). The Ter119-induced anemia was marginally but
significantly different from deglycosylated Ter119 on day 1 (P < 0.05)
and day 3 (P < 0.01) after treatment only (fig. S3). In contrast to
Ter119, deglycosylated Ter119 had no observable effect on the
accumulation of inflammatory cells in the joint 24 hours after its
injection (Fig. 6F) nor any effect on CCL2 concentration in the
plasma (Fig. 6G) or synovial fluid (Fig. 6H). Thus, although deglycosylated Ter119 was able to bind to erythrocytes in vivo and induce anemia, it had no observable effect on arthritis.
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The initiation of arthritis in the K/BxN serum transfer model
involves a number of early immune events including the accumulation of autoimmune immune complexes in the joint, activation of
neutrophils and mast cells, increases in vascular permeability, and
release of vasoactive mediators (37). To determine whether Ter119
therapeutic activity could bypass disease induction events, mice were
injected with K/BxN serum, and arthritis scores were allowed to develop to near-maximal arthritis (Fig. 2, C and D). Arthritic mice
that were treated with Ter119 on day 5 showed a marked and rapid
reduction in inflammation 1 day after treatment with ankle widths
and clinical scores continuing to improve over the course of the experiment. Mice receiving the control RBC antibody 30-F1 [a rat IgG2c,
which has no therapeutic activity in murine ITP (21) and is a rat
subclass not known for interactions with FcRs (38)] showed no
improvement in inflammation, similar to untreated mice. These
data demonstrate that Ter119 can reverse established arthritis and
potentially suggest IgG Fc region function in this activity.
To evaluate the requirement for a functional Fc region of Ter119,
the antibody was fully deglycosylated using peptide N-glycosidase F
(PNGase F) as described (23), impairing its FcR interactions, complement activation, and antibody-dependent cellular cytotoxicity (39, 40), as
well as abrogating its therapeutic activity in ITP (23). Deglycosylated
Ter119 did not exert therapeutic activity in K/BxN inflammatory
arthritis (Fig. 2, E and F).
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Fig. 3. Ter119 inhibits the progression of inflammatory arthritis in the CAIA model. (A) C57BL/6 mice injected with the collagen antibody cocktail (day 0) and LPS
(day 3) were allowed to develop arthritis and then injected (day 5) with either Ter119 or an IgG2b isotype control antibody (2 mg/kg), and the clinical scores were evaluated until day 12. (B) Representative paws from mice on day 8 of the experiment are shown. The mice were assessed for histological score on day 12. Representative
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The Ter119 antibody switched to murine IgG variants
ameliorated collagen-induced arthritis
To verify disease-ameliorative activity in a B cell– and T cell–dependent
chronic disease model independent of the infusion of disease inducing antibodies or sera, we assessed therapeutic responses in collagen-
induced arthritis (CIA). In addition, to assess murine versions of
Ter119, we replaced the rat IgG2b constant regions with murine
IgG1 or IgG2a and injected each of these antibodies (2 mg/kg) into
different groups of DBA/1 mice 7 days after the final immunization
with type II collagen, as described in the Materials and Methods (45).
Both murine IgG subtypes could decrease clinical scores in arthritic
mice within 1 day of injection, and the clinical effects were significant for 3 days after therapy followed by an eventual return to full
arthritis (P < 0.05; Fig. 7). Thus, disease amelioration extends beyond just antibody-induced arthritis models.
The Ter119 antibody prevents murine TRALI
TRALI is the leading cause of transfusion-related mortality and has
no effective specific therapeutic interventions other than supportive
therapy (46, 47). Infusion of an anti–major histocompatibility complex class I antibody (34-1-2s) (48) into severe combined immunodeficient (SCID) mice induces symptoms approximating human
Crow et al., Sci. Transl. Med. 11, eaau8217 (2019)
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TRALI (49), a highly inflammatory disease with a pathophysiology
disparate from ITP and arthritis. We therefore explored the ability
of Ter119 to inhibit the induction of murine TRALI. Mouse rectal
temperatures were monitored to evaluate hypothermia, induced by
34-1-2s, indicative of systemic shock that occurs in mice undergoing
TRALI (49). Mice receiving 34-1-2s displayed a decrease in rectal temperature at 30 min after injection (Fig. 8A), which decreased until
90 min, staying stable until the end point of 120 min. In contrast,
mice receiving a pretreatment of Ter119 24 hours before 34-1-2s injection displayed a less pronounced drop in body temperature at 30 min,
which became significant at 60 min (P < 0.05), 90 min (P < 0.0001), and
120 min (P < 0.0001) (versus 34-1-2s alone). These data demonstrate
that Ter119 treatment can prevent 34-1-2s–induced hypothermia.
Postmortem determination of pulmonary edema, the hallmark of
acute lung injury, was measured by lung wet/dry (W/D) weight ratios. Mice that received 34-1-2s after pretreatment with Ter119 displayed lung W/D ratios similar to those treated with Ter119 alone
but significantly lower (P < 0.05) than mice injected with 34-1-2s
only, which suffered from TRALI as shown by their increased lung
W/D weight ratios and drop in body temperature (Fig. 8B). Ter119
did not have a significant effect (P > 0.05) in reducing pulmonary
neutrophil infiltration (Fig. 8C) similar to IVIg (50).
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the spleen, and monocyte FcRI (CD64), FcRIIB/IIIA (CD16/32), CR1/2 (CD21/35), and C5aR (CD88) mean fluorescence intensities (MFIs) were quantitated by flow cytometry
(C). Naïve mice were not induced to develop arthritis. One-way ANOVA test with Dunn’s multiple comparison as compared to the control arthritis group.
Not significant (ns),*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

DISCUSSION

Autoimmune and inflammatory diseases together afflict a large cross
section of the population. In the absence of a cure for many of these
now chronic diseases, the major focus has been on therapy. In the
case of autoimmune disease, therapies that have been applied to the
management of autoimmunity focus on the induction of immunosuppression. Immunosuppressive therapy appears to be the cornerstone of treatment of autoimmune disease.
The first speculation that anti-D could be used in ITP was based
on the postulation that anti-D–sensitized erythrocytes would competitively inhibit free FcRs on macrophages in ITP-preventing
opsonized platelet destruction (13), which was then convincingly demonstrated in patients with ITP (14). In murine models, the RBC-specific
antibody Ter119 has also been used to treat passively induced murine ITP (23–26).
Anti-D is not known for inducing immunosuppression, which
would make anti-D attractive as a treatment option for autoimmune
or inflammatory diseases. The only autoimmune or inflammatory
Crow et al., Sci. Transl. Med. 11, eaau8217 (2019)
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disease where anti-D is used, however, is ITP. In one study, anti-D
was investigated in a patient with CIDP, but a response was not
observed despite the ability of the patient to subsequently respond
to IVIg (19). In this patient, the anti-D was given over 3 days rather
than a single injection, as is common in ITP. Although it is difficult
to know why the patient may not have responded to anti-D, it is
possible that the initial injection of antibody prevented the ability of
the subsequent injections to induce a response, analogous to the
primary injection of Ter119 blocking the hypothermia mediated by
a second injection of the same antibody a day later. It is also possible
that the RhD antibody–sensitized erythrocytes require access to the
tissue (for example, neural macrophages/glial cells), which may not
occur across the blood-brain barrier in CIDP. Alternatively, there is
evidence that IVIg and anti-D work by different mechanisms and
that the patient was simply a nonresponder to anti-D.
Comparing IVIg to anti-D, a number of studies suggest that the
mechanism of action may in fact be different. The spectrum of cytokines induced by IVIg versus anti-D have been shown to be different
6 of 13
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Fig. 5. Ter119 induces changes in chemokines and cellular migration in CAIA. (A) The same mice that were injected with the collagen antibody cocktail (day 0) and
LPS (day 3) in Fig. 4 were used to assess the parameters in this figure 1 day after Ter119 or isotype control injection (day 6). Naïve mice were unmanipulated. To assess
plasma chemokines CCL2, CXCL10, CXCL5, CXCL9, CCL5, and CCL11 (Eotaxin-1), plasma from each mouse was collected 1 day after isotype control or Ter119 injection (day 6 of
the experiment) and chemokines were assessed by Luminex. (B) To evaluate changes in monocyte percentages in the blood, spleen, and liver, single-cell suspensions were
made and monocytes were enumerated by flow cytometry. (C) To assess the number of infiltrating cells in the joints, the patellas from each mouse were collected and
digested, and infiltrating leukocytes were enumerated by visual count. (D) To assess chemokines and cytokines from the joints, synovial fluid from each mouse was assessed by Luminex. One-way ANOVA test with Dunn’s multiple comparison as compared to the control arthritis group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

(51). IVIg induced the production of IL-10, whereas anti-D also induced IL-10 but in addition stimulated the production of the inflammatory cytokines CCL2 (MCP-1), IL-6, and TNF-, and the
patients who displayed elevated concentrations of these inflammatory cytokines also displayed chills (51), similar to Ter119 here. Although both IVIg and anti-D induced a common increase in IL-10,
we previously found that IVIg responses in murine ITP with mice
genetically deficient in IL-10 responded normally to IVIg (52) deCrow et al., Sci. Transl. Med. 11, eaau8217 (2019)

21 August 2019

creasing our interest in IL-10 as a direct disease modifying cytokine
in passive murine ITP. In the current study, we also looked in the
plasma for IL-10 and found marginally elevated concentrations that
did not reach significance at 24 hours after antibody administration.
Whether IL-10 and the other cytokines/chemokines might have been
stimulated at earlier time points was not evaluated in the current
study, but changes in these cytokines/chemokines could have occurred earlier than what was seen in ITP (51).
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to IVIg or anti-D given as single
therapeutic agents responded
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when both were combined (53).
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troversial, IVIg appears to have
a requirement for the expression of the inhibitory Fc receptor (FcRIIb) for a clinical effect in some strains of mice (54). In
Ter119 has broad therapeutic activity in three models of inflamcontrast, anti-RBC antibodies in general (55) and Ter119 in partic- matory arthritis and in an immune inflammatory model of acute
ular (22) had absolutely no requirement for this receptor in ITP on lung injury. Ter119 could not only attenuate disease induction but
susceptible mouse backgrounds, again suggesting a different mech- also effectively treat inflammatory arthritis in all three models studied.
anism than IVIg (55).
The therapeutic activity required the presence of the Fc glycans in
Crow et al., Sci. Transl. Med. 11, eaau8217 (2019)
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Fig. 6. Ter119 but not deglycosylated TER119 ameliorates CAIA.
(A and B) Arthritis was induced in
12 mice per group on day 0 followed
by LPS on day 3, and all 12 mice from
each group were injected with either
phosphate-buffered saline (PBS; squares),
Ter119 (1.5 mg/kg; circles), or deglycosylated Ter119 (1.5 mg/kg; triangles)
on day 5, and clinical scores were assessed. Erythrocyte sensitization was
evaluated on day 6 (C) and day 8 (D) by
staining the ex vivo erythrocytes with
anti-rat IgG-PE, and MFIs of the erythrocytes were assessed. Erythrocytes
were enumerated from the blood by
a MACS Quant flow cytometer (E) with
individual mice and statistics shown
in fig. S3. Four mice from each group
were sacrificed on day 6 to assess
inflammatory cell infiltration from the
patellas (F) and assess CCL2 concentrations from the blood (G) and from
the synovial fluid (H). Statistics are as
follows: (B) Kruskal-Wallis with Dunn’s
test; (C, D, and F to H) one-way ANOVA
with Tukey’s multiple comparison test.
*P < 0.05, **P < 0.01, and ****P < 0.0001.
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both the K/BxN and CAIA models, and the presence of the glycans
was also critical for stimulating increases in plasma CCL2. The ability of the IgG Fc region to function via interactions with Fc receptors or complement is greatly dependent on the glycan profile of the
IgG Fc region. A complete lack of Fc glycosylation (as performed
here) substantially reduces interactions with Fc receptors and complement (39, 40). The complete loss of therapeutic activity due to
deglycosylation could therefore indicate that one of these interactions is likely necessary for disease-modifying activity. Although not
explored in this study, modifications to the Fc glycan including removal of the core fucose of the glycan can increase interactions with
human FcRIII or murine FcRIV, whereas the addition of a terminal sialic acid residue has been suggested to increase anti-inflammatory
activity with IVIg (3). Ter119 Fc glycan structures previously contained both fucosylated and nonfucosylated variants, as well as a small
percentage of molecules containing terminal sialic acid residues (23),
and thus, these potential interactions could be of interest to investigate.
In patients with rheumatoid arthritis, monocytes express increased FcRIII, and immune complex engagement of FcRIII+
monocytes led to TNF production (56). Upon FcRIII engagement,
this receptor can be down-modulated or can also be shed from the
cell surface (57). Analyzing the effect of Ter119 on splenic monocyte FcRI, FcRII/III, CR1/2, and C5aR demonstrated that FcRII/
III increased in CAIA arthritis (similar to patients with rheumatoid
arthritis) (56), and its expression was selectively and fully decreased
by Ter119. Because we have previously determined that Ter119 can
ameliorate murine ITP independent of the inhibitory FcRIIB and
could down-regulate the expression of activating FcRIIIA in splenic
macrophages (22), our data here in arthritis match murine ITP,
hinting at a similar therapeutic mechanism in both models. Thus,
rather than Ter119 having different mechanisms of therapeutic activity in different models, we provide evidence for similar or overlapping mechanisms.

ns
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Fig. 7. Ter119 expressed as murine IgG switch variants can treat a chronic
model of CIA independent of passive-antibody transfer. DBA/1 mice immunized
against chick type II collagen were allowed to develop arthritis and then treated
(timing as denoted by the arrow) with PBS (n = 7 mice; square) and Ter119 (2 mg/kg)
expressed as a murine IgG1subtype (n = 6 mice; gray triangles) or expressed as a
murine IgG2a subtype (n = 6 mice; inverted triangles), and arthritis clinical score
was evaluated over the course of the experiment. Statistical comparison was performed using two-way ANOVA for repeated measures (assuming normality) with
Tukey’s multiple comparisons test. *P < 0.05 and **P < 0.01 (gray, PBS versus IgG1;
black, PBS versus IgG2a).
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Fig. 8. Ter119 inhibits TRALI. (A) SCID mice were injected with 40 g of Ter119
(circles and triangles) or left untreated (squares) for 24 hours. Mice were then injected with 50 g of 34-1-2s (triangles and squares) or nothing (circles). Rectal temperatures were measured every 30 min for 2 hours after the second injection (A),
and mice were subsequently sacrificed at 2 hours to assess pulmonary edema (B) and
pulmonary neutrophil accumulation (C). Data are expressed as means ± SEM from
four separate experiments. n = 4 (Ter119); n = 5 (34-1-2s); n = 14 (Ter119 + 34-1-2s).
Statistical comparisons were made after testing for normality. A two-way ANOVA
with Tukey’s multiple comparison testing was performed in (A), a Kruskal-Wallis test
with Dunn’s multiple comparison testing was performed for (B), and a one-way
ANOVA with Tukey’s multiple comparison testing was performed for (C). *P < 0.05,
**P < 0.01, ***P < 0.001, and **** P < 0.0001.
9 of 13

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Crow et al., Sci. Transl. Med. 11, eaau8217 (2019)

21 August 2019

of the IgG1 and IgG2a variants of Ter119 seems at odds with simple
FcR blockade.
Whether an interaction with a single FcR class is sufficient to
drive therapeutic activity or even whether activating FcR is centrally involved in the therapeutic activity of Ter119 remains to be
established. There are also a number of interactions possible between
IgG antibodies and other cellular receptors aside from classical
FcRs and complement (67, 68), which could potentially mediate
therapeutic activity alone or in concert with classical FcRs or with
other receptors.
To validate that a therapeutic response can extend beyond ITP
and models of arthritis, prophylactic Ter119 treatment was administered before TRALI. We observed a rescue of TRALI-induced hypothermia and pulmonary edema—a hallmark of TRALI reactions.
There are no therapeutic interventions in the clinic for TRALI other
than supportive therapy such as oxygen supplementation, ventilatory assistance, and conservative fluid practices. The inability of
Ter119 to effectively modulate CXCL5 and neutrophil numbers in
the blood, spleen, and liver is matched in the TRALI model where
neutrophil infiltration in the lung was not attenuated.
Important limitations of this study include that all of the work
has been performed in murine models of disease with an antibody that
does not react with human erythrocytes. Thus, a human erythrocyte–
reactive antibody capable of triggering therapeutic effects would
need to be developed. The diseases studied here are also all relatively
acute models of disease activity, whereas most patients seeking experimental treatments for autoimmunity generally have chronic
disease and are also most typically refractory to a number of previously attempted therapeutic interventions. In addition, whereas this
work profiles a highly inflammatory antibody injected as a single
dose without premedication, the goal going forward will be to actually treat disease without triggering, or at least only minimally triggering, adverse events.
IVIg, which itself has a number of adverse events in up to 81% of
patients, can be successfully mitigated by slowing the infusion rate,
and this is common practice with IVIg (69); this could also be used
with an anti-RBC antibody. Additional successful measures with
IVIg to minimize adverse events have included premedicating the
patient with analgesics, nonsteroidal anti-inflammatory drugs, antihistamines, or intravenous glucocorticoids (69).
An interesting aspect of the present work, however, is that anti-D
itself remains a first-line treatment option for nonsplenectomized
children and adults with ITP (70), and a recent systematic review
and meta-analysis in children with ITP concluded that there were
slightly less frequent general symptoms after anti-D administration
as compared to IVIg treatment, not including hemolysis, which was
mild in most patients and not an expected effect of anti-D (71). In
summary, we conclude that Ter119 and its murine variants have
substantial therapeutic activity and suggest that RBC-specific antibodies such as anti-D may have ameliorative potential in autoimmune and inflammatory disorders.
MATERIALS AND METHODS

Study design
The overall objective for this study was to understand whether the
disease-ameliorative activity of an erythrocyte-specific antibody goes
beyond only the treatment of a passive murine model of ITP. Because the ITP model involves platelet clearance in the spleen, we
10 of 13
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One of the effects of engagement of FcRIIIA on human peripheral blood mononuclear cells is the induced secretion of the CCL2
chemokine (43), and we observed substantially elevated CCL2 in
the plasma of CAIA mice treated with Ter119, and CCL2 only increased at doses inducing a clinical response. In addition, deglycosylated Ter119, which would not meaningfully react with FcRIIIA,
did not stimulate CCL2. CCL2 and several other plasma chemo
kines were increased including those that are known to drive migration of monocytes, T cells, and eosinophils but not CXCL5, a major
driver of neutrophil activation and migration to sites of inflammation (58). Consistent with this, there were no meaningful differences
in neutrophil percentages in the blood, spleen, and liver of Ter119-
treated mice in the CAIA model. In contrast, there were differences
in monocytes in the blood and liver and a reduction in inflammatory
cell infiltration of the synovial fluid in CAIA mice treated with
Ter119.
Reduced synovial fluid inflammatory cytokines/chemokines and
complement components C1q, C3, and C5a likely contribute to the
lack of cellular infiltration of the synovium. These decreases in joint
cytokines/chemokines, with concomitant increases in the plasma,
suggest an inflammatory distraction of the immune response away from
sites of disease-specific inflammation and focused on the antibody-
sensitized erythrocytes. Thus, an inflammatory response directed
toward the erythrocytes appears to occur at the expense of continued
inflammation directed to the disease of interest.
To examine a chronic disease model using both humoral and
cellular immune mechanisms without passively transferring a disease-
inducing antibody, we observed that Ter119 expressed as mouse
IgG1 and mouse IgG2a subtypes could also ameliorate disease activity in CIA within 1 day of Ter119 injection. The IgG1 and IgG2a
class-switched versions of Ter119 displayed equivalent therapeutic
activity in the model. This finding does not support a role for interactions of Ter119 with complement C1q as the driver of therapeutic
activity because murine IgG1 is not known to bind C1q (59). This is
in contrast to murine IgG2a antibodies that bind well to C1q, which
could trigger erythrocyte hemolysis (59). If a complement C1q interaction were involved, then the expectation would be that the murine IgG2a antibody would have superior therapeutic activity.
An FcR blockade mechanism could potentially explain Ter119
activity across different diseases. All of the disease models studied
do have some requirement for the major signaling component
downstream of activating FcRs, the FcR chain (48, 60–62). Unfortunately, the activity of the FcR chain extends beyond interactions with only activating FcR, and the requirements of selected
FcRs for disease physiology in the disease models have yet to be
fully established.
The most insightful information with regard to FcRs comes from
the CIA model where, although activating FcRIII is essential for
the development of arthritis (63), destructive arthritis can nevertheless occur in the absence of both FcRI and FcRIII (64). Whereas
the IgG2a switch variant of Ter119 would be theoretically able to
interact and therefore block all activating Fc receptors (FcRI, FcRIII,
and FcRIV), the IgG1 switch variant would only be capable of theoretically blocking FcRIII allowing disease pathology to potentially
continue via FcRIV (64). Because it has been suggested that murine IgG2a contributes substantially more to disease pathology in
CIA as compared to IgG1 (65) and IgG2a antibodies can interact
with any activating FcR but have a higher affinity for FcRIV (and
FcRI) as compared to FcRIII (66), the equal therapeutic activity
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Mice and antibodies
CD-1, C57BL/6, and SCID mice used in Toronto were from Charles
River Laboratories. Monoclonal anti-platelet antibody (MWReg30,
rat IgG1) was purchased from BD Biosciences. The 30-F1 (rat IgG2c)
antibody recognizing mouse RBC was from BioLegend. Antibodies
34-1-2s (rat IgG2a) and Ter119 (rat IgG2b) were from Bio X Cell.
Mouse monoclonal anti–type II collagen 5 clone antibody mixture
was purchased from Chondrex. The control rat IgG used in Fig. 1
(ChromPure) was from Jackson ImmunoResearch. The Ter119, deglycosylated Ter119, mouse IgG1 Ter119, and mouse IgG2a Ter119
used in Figs. 1A, 2 (E and F), and 3 to 8 and figs. S1 to S3 were all
still available at the time of writing the manuscript and were tested
together in a single batch for endotoxin levels using the Lonza
“Kinetic-QCL” Kinetic Chromogenic LAL Assay (catalog no. 50-650 U).
These antibodies either had an endotoxin level below the limit
of detection of the assay or were present at a level below the
United States Pharmacopeia (USP)–recommended endotoxin limit of
5 EU/kg body weight for parenteral drugs, as well as below the same
recommended limit for preclinical research (72, 73). The Ter119 used
in Figs. 1A and 7 (the temperature experiments) had an endotoxin
level below the limit of detection providing a maximal theoretical
in vivo dose of <0.76 EU/kg body weight.
Anemia/ITP/body temperature
The effect of 40 g of rat IgG or Ter119 on body temperature was
assessed in CD-1 mice. Mice were removed from their normal
group housing and assessed for body temperature using a rectal
temperature probe followed by placing the mice in a cage without
bedding that had been prewarmed using a heating pad (low setting)
placed under half the cage for 5 min, and the mice were allowed to
freely roam the cage. This was necessary to allow visualization and
access of the tail vein for injection. Mice were then injected by the
tail vein with 40 g of control rat IgG or 200 l of Ter119, and rectal
temperature was taken 10, 20, 30, 60, and 120 min after injection.
Anemia and ITP were induced in CD-1 mice by the injection of 40 g
of Ter119 (anemia) versus a control rat IgG followed by the injection
Crow et al., Sci. Transl. Med. 11, eaau8217 (2019)
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of 3 g of antiplatelet antibody (ITP) 60 min before a terminal bleed
for platelet and RBC enumeration as described (33,74).
Arthritis models
K/BxN arthritis was induced and scored as described (75). Mice were
pretreated with nothing or 45 g of Ter119 before injection of K/BxN
serum. Mice were monitored daily for arthritis progression. In separate experiments, mice were rendered arthritic and treated on day
5 with 45 g of Ter119 or a non-inflammatory anti-RBC antibody
(30-F1). For the CAIA model, C57BL/6 mice in Melbourne were
injected with mouse anti–type II collagen (2 mg, intraperitoneally;
Arthrogen-CIA 5-Clone Cocktail Kit, Chondrex) on day 0 followed
by 50 g of LPS on day 3 to initiate arthritis. Mice were treated with
Ter119 or an IgG2b isotype control on day 5 after induction. Clinical
scores were evaluated up until day 12. The CIA model was performed as described (45). Briefly, DBA/1 mice were injected twice with
100 g of chick type II collagen (Sigma) in complete Freund’s adjuvant (containing 250 g of heat-killed Mycobacterium tuberculosis)
21 days apart and treated at disease onset (7 to 12 days later) with
isotype-switched (2 mg/kg; mouse IgG1 and mouse IgG2a) Ter119
by the intravenous route, and clinical scores were assessed. Clinical
scores for all arthritis models were assigned as follows: 0, normal;
0.5, swelling confined to digits; 1, mild paw swelling; 2, marked paw
swelling; 3, severe paw swelling and/or ankylosis. Mice were euthanized at the time points indicated in the CAIA model, the paws were
fixed in formalin, decalcified, and embedded in paraffin and scored
as assessed in (76).
Cytokines, complement, and flow cytometry
Joint fluid and sera were evaluated for cytokine concentrations by a
Luminex-Multiplex assay (Millipore) according to the manufacturer’s
directions. Flow cytometric analysis of blood and joint digests was
performed as described (44). Briefly, single-cell suspensions were
stained with the following: Ly6C (HK1.4, eBioscience), Ly6G (1A8,
BioLegend), CD11b (M1/70, eBioscience), CD16/32 (93, eBioscience),
CD64 (X54-5/7.1.1; BD Pharmingen), and CD45 (30-F11, BD Pharmingen).
The cells were fixed and acquired on a BD LSRFortessa and analyzed with FlowJo software. Joint washes and sera were evaluated
for C1q, C5a (R&D Systems), and C3 (GENWAY) enzyme-linked
immunosorbent assays. The ability of Ter119 and deglycosylated
Ter119 to passively sensitize erythrocytes in vivo on days 1 and 3
after antibody injection was assessed ex vivo by flow cytometry using an anti–rat-PE–conjugated antibody.
Transfusion-related acute lung injury
TRALI was induced as described (77). Briefly, SCID mice were injected with 40 of g Ter119 24 hours before injection of 50 g of the
TRALI-inducing antibody 34-1-2s. Rectal temperatures were recorded
every 30 min for 2 hours, and mice were then euthanized to determine
lung W/D weight ratios (77). Pulmonary neutrophils were enumerated as previously described (77).
Data analysis
Data are represented as means ± SEM. Point-to-point connecting
lines indicate mice that have been sequentially sampled for the test
displayed with the exception of Fig. 1 (B and C). Repetitive bleeds
can decrease erythrocyte counts and platelet counts by depletion of
these populations from the blood due to each sampling. In addition,
because the primary function of a platelet is the repair of an injured
11 of 13
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originally sought a model with very different disease pathophysiology, K/BxN, and we investigated prevention, as well as reversal of
symptoms. Follow-up collaborative work was done in the CAIA
and CIA mouse models, as well as mechanistic investigations involving FcR, complement receptors, chemokines, monocytes, and
anemia. To assess the contribution of the IgG Fc region in ameliorative effects, the Ter119 antibody was deglycosylated and tested in
the K/BxN and CAIA models. In addition, Ter119 was also expressed
as murine IgG1 and IgG2a subtypes and examined in the CIA model.
Early observations of disease-ameliorative activity in the K/BxN
model of arthritis also prompted us to evaluate a completely different disease with a pathophysiology different from both ITP and arthritis, TRALI. This inflammatory model was also performed in SCID
mice to determine contributions of B cells and T cells to the ameliorative activity of Ter119. All animal work performed in Toronto
was approved by the local animal care committee of St. Michael’s
Hospital, whereas all animal work performed in Melbourne was approved by the local animal care committee at CSL Ltd. For the
CAIA and CIA studies, all clinical scoring of mouse paws and histological scoring of joint sections were performed by an investigator
who was blinded to the experimental groups. Primary data are
reported in data file S1.
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blood vessel, repetitive bleeds could lead to decreases in platelet count
due to their hemostatic function in binding to the injured blood
vessel from a previous bleed. Thus, to avoid these effects and limit
the assessment of anti-inflammatory measurement to the point shown
on the graph (Fig. 1B) or 1 hour before the point on the graph
(Fig. 1C), each data point is an independent group of mice sampled
at time displayed on the x axis.
Statistical analysis
Statistical analyses, as indicated in each figure legend, were performed using GraphPad Prism 6.02 or a later version. To compare
the experimental groups, if only two groups were compared, then
the multiple t test or Mann-Whitney two-tailed test were used. Data
of multiple comparisons used analysis of variance (ANOVA) with
the multiple comparison test as indicated in each figure legend. Significance was set at less than 0.05.
stm.sciencemag.org/cgi/content/full/11/506/eaau8217/DC1
Fig. S1. Priming with Ter119 can protect mice from Ter119-induced hypothermia.
Fig. S2. Ter119 substantially reduces the detection of complement components in the joint of
arthritic mice.
Fig. S3. Ter119 and deglycosylated Ter119 induce anemia over time in the CAIA model.
Fig. S4. Ter119 class-switched to murine IgG1 and murine IgG2a sequences.
Data file S1. Primary data.

18.
19.

20.

21.

22.

23.

24.

25.

REFERENCES AND NOTES

1. S. Q. Nagelkerke, T. W. Kuijpers, Immunomodulation by IVIg and the role of Fc-gamma
receptors: Classic mechanisms of action after all? Front. Immunol. 5, 674 (2015).
2. A. R. Crow, A. H. Lazarus, Mechanistic properties of intravenous immunoglobulin
in murine immune thrombocytopenia: Support for FcRIIB falls by the way side.
Semin. Hematol. 53, S20–S22 (2016).
3. I. Schwab, F. Nimmerjahn, Intravenous immunoglobulin therapy: How does IgG
modulate the immune system? Nat. Rev. Immunol. 13, 176–189 (2013).
4. A. H. Lazarus, Monoclonal versus polyclonal anti-D in the treatment of ITP. Expert. Opin.
Biol. Ther. 13, 1353–1356 (2013).
5. A. Cuker, C. E. Neunert, How I treat refractory immune thrombocytopenia. Blood 128,
1547–1554 (2016).
6. D. B. Cines, J. B. Bussel, H. A. Liebman, E. T. L. Prak, The ITP syndrome: Pathogenic
and clinical diversity. Blood 113, 6511–6521 (2009).
7. I. Kane, D. Ragucci, I. F. Shatat, J. Bussel, R. Kalpatthi, Comparison of intravenous immune
globulin and high dose anti-D immune globulin as initial therapy for childhood immune
thrombocytopenic purpura. Br. J. Haematol. 149, 79–83 (2010).
8. V. Labarque, C. Van Geet, Clinical practice: Immune thrombocytopenia in paediatrics.
Eur. J. Pediatr. 173, 163–172 (2014).
9. C. Neunert, W. Lim, M. Crowther, A. Cohen, L. Solberg Jr., M. A. Crowther, The American
Society of Hematology 2011 evidence-based practice guideline for immune
thrombocytopenia. Blood 117, 4190–4207 (2011).
10. D. Provan, R. Stasi, A. C. Newland, V. S. Blanchette, P. Bolton-Maggs, J. B. Bussel,
B. H. Chong, D. B. Cines, T. B. Gernsheimer, B. Godeau, J. Grainger, I. Greer, B. J. Hunt,
P. A. Imbach, G. Lyons, R. M. Millan, F. Rodeghiero, M. A. Sanz, M. Tarantino, S. Watson,
J. Young, D. J. Kuter, International consensus report on the investigation
and management of primary immune thrombocytopenia. Blood 115, 168–186 (2010).
11. M. D. Tarantino, R. M. Madden, D. L. Fennewald, C. C. Patel, S. J. Bertolone, Treatment
of childhood acute immune thrombocytopenic purpura with anti-D immune globulin or
pooled immune globulin. J. Pediatr. 134, 21–26 (1999).
12. M. D. Tarantino, G. Young, S. J. Bertolone, K. A. Kalinyak, F. E. Shafer, R. Kulkarni,
L. C. Weber, M. L. Davis, H. Lynn, D. J. Nugent; Acute ITP Study Group, Single dose
of anti-D immune globulin at 75 microg/kg is as effective as intravenous immune
globulin at rapidly raising the platelet count in newly diagnosed immune
thrombocytopenic purpura in children. J. Pediatr. 148, 489–494 (2006).
13. A. Salama, C. Mueller-Eckhardt, V. Kiefel, Effect of intravenous immunoglobulin
in immune thrombocytopenia. Lancet 2, 193–195 (1983).
14. A. Salama, V. Kiefel, R. Amberg, C. Mueller-Eckhardt, Treatment of autoimmune
thrombocytopenic purpura with rhesus antibodies (anti-Rh0(D)). Blut 49, 29–35 (1984).
15. J. B. Bussel, C. P. Kaufmann, R. E. Ware, B. M. R. Woloski, Do the acute platelet responses
of patients with immune thrombocytopenic purpura (ITP) to IV anti-D and to IV

Crow et al., Sci. Transl. Med. 11, eaau8217 (2019)

17.

21 August 2019

26.

27.

28.

29.

30.

31.
32.
33.

34.

35.
36.
37.
38.

39.
40.

12 of 13

Downloaded from http://stm.sciencemag.org/ by guest on April 12, 2021

SUPPLEMENTARY MATERIALS

16.

gammaglobulin predict response to subsequent splenectomy? Am. J. Hematol. 67, 27–33
(2001).
A. Eghbali, P. Azadmanesh, B. Bagheri, H. Taherahmadi, B. Sadeghi Sedeh, Comparison
between IV immune globulin (IVIG) and anti-D globulin for treatment of immune
thrombocytopenia: A randomized open-label study. Fundam. Clin. Pharmacol. 30,
385–389 (2016).
Z. Rosman, Y. Shoenfeld, G. Zandman-Goddard, Biologic therapy for autoimmune
diseases: An update. BMC Med. 11, 88 (2013).
A. B. Nair, S. Jacob, A simple practice guide for dose conversion between animals
and human. J Basic Clin. Pharm. 7, 27–31 (2016).
M. Vermeulen, I. N. van Schaik, A. Brand, Anti-D immunoglobulin treatment in chronic
inflammatory demyelinating polyneuropathy. J. Neurol. Neurosurg. Psychiatry 58,
383–384 (1995).
A. R. Crow, A. Amash, A. H. Lazarus, CD44 antibody-mediated amelioration of murine
immune thrombocytopenia (ITP): Mouse background determines the effect
of FcgammaRIIb genetic disruption. Transfusion 55, 1492–1500 (2015).
S. Song, A. R. Crow, J. Freedman, A. H. Lazarus, Monoclonal IgG can ameliorate immune
thrombocytopenia in a murine model of ITP: An alternative to IVIG. Blood 101, 3708–3713
(2003).
S. Song, A. R. Crow, V. Siragam, J. Freedman, A. H. Lazarus, Monoclonal antibodies that
mimic the action of anti-D in the amelioration of murine ITP act by a mechanism distinct
from that of IVIg. Blood 105, 1546–1548 (2005).
X. Yu, M. Menard, G. Seabright, M. Crispin, A. H. Lazarus, A monoclonal antibody
with anti-D-like activity in murine immune thrombocytopenia requires Fc domain
function for immune thrombocytopenia ameliorative effects. Transfusion 55, 1501–1511
(2015).
É. Aubin, R. Lemieux, R. Bazin, Absence of cytokine modulation following therapeutic
infusion of intravenous immunoglobulin or anti-red blood cell antibodies in a mouse
model of immune thrombocytopenic purpura. Br. J. Haematol. 136, 837–843
(2007).
R. Deng, J. P. Balthasar, Comparison of the effects of antibody-coated liposomes, IVIG,
and anti-RBC immunotherapy in a murine model of passive chronic immune
thrombocytopenia. Blood 109, 2470–2476 (2007).
Y. Katsman, A. H. Foo, D. Leontyev, D. R. Branch, Improved mouse models for the study
of treatment modalities for immune-mediated platelet destruction. Transfusion 50,
1285–1294 (2010).
R. Ambriz-Fernández, C. Martínez-Murillo, S. Quintana-González, J. Collazo-Jaloma,
J. Bautista-Juárez, Fc receptor blockade in patients with refractory chronic immune
thrombocytopenic purpura with anti-D IgG. Arch. Med. Res. 33, 536–540 (2002).
T. Becker, E. Küenzlen, A. Salama, R. Mertens, V. Kiefel, H. Weiss, F. Lampert, G. Gaedicke,
C. Mueller-Eckhardt, Treatment of childhood idiopathic thrombocytopenic purpura
with Rhesus antibodies (anti-D). Eur. J. Pediatr. 145, 166–169 (1986).
J. B. Bussel, J. N. Graziano, R. P. Kimberly, S. Pahwa, L. M. Aledort, Intravenous anti-D
treatment of immune thrombocytopenic purpura: Analysis of efficacy, toxicity,
and mechanism of effect. Blood 77, 1884–1893 (1991).
E. Oksenhendler, P. Bierling, Y. Brossard, C. Schenmetzler, P. M. Girard, M. Seligmann,
J. P. Clauvel, Anti-RH immunoglobulin therapy for human immunodeficiency
virus-related immune thrombocytopenic purpura. Blood 71, 1499–1502 (1988).
A. Salama, V. Kiefel, C. Mueller-Eckhardt, Effect of IgG anti-Rho(D) in adult patients
with chronic autoimmune thrombocytopenia. Am. J. Hematol. 22, 241–250 (1986).
R. E. Ware, S. A. Zimmerman, Anti-D: Mechanisms of action. Semin. Hematol. 35 (1 Suppl 1),
14–22 (1998).
X. Chen, H. Ghaffar, C.-C. Jen, A. H. Lazarus, Antibody specific for the glycophorin
A complex mediates intravenous immune globulin-resistant anemia in a murine model.
Transfusion 54, 655–664 (2014).
N. Mistry, C. D. Mazer, J. G. Sled, A. H. Lazarus, L. S. Cahill, M. Solish, Y.-Q. Zhou,
N. Romanova, A. G. M. Hare, A. Doctor, J. A. Fisher, K. R. Brunt, J. A. Simpson, G. M. T. Hare,
Red blood cell antibody-induced anemia causes differential degrees of tissue hypoxia
in kidney and brain. Am. J. Physiol. Regul. Integr. Comp. Physiol. 314, R611–R622 (2018).
I. Colmegna, B. R. Ohata, H. A. Menard, Current understanding of rheumatoid arthritis
therapy. Clin. Pharmacol. Ther. 91, 607–620 (2012).
V. Kouskoff, A.-S. Korganow, V. Duchatelle, C. Degott, C. Benoist, D. Mathis, Organ-specific
disease provoked by systemic autoimmunity. Cell 87, 811–822 (1996).
A. D. Christensen, C. Haase, A. D. Cook, J. A. Hamilton, K/BxN serum-transfer arthritis
as a model for human inflammatory arthritis. Front. Immunol. 7, 213 (2016).
S. M. Hobbs, L. E. Jackson, J. V. Peppard, Binding of subclasses of rat immunoglobulin G
to detergent-isolated Fc receptor from neonatal rat intestine. J. Biol. Chem. 262,
8041–8046 (1987).
M. Nose, H. Wigzell, Biological significance of carbohydrate chains on monoclonal
antibodies. Proc. Natl. Acad. Sci. U.S.A. 80, 6632–6636 (1983).
A. R. Duncan, G. Winter, The binding site for C1q on IgG. Nature 332, 738–740
(1988).

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Crow et al., Sci. Transl. Med. 11, eaau8217 (2019)

21 August 2019

64. P. Boross, P. L. van Lent, J. Martin-Ramirez, J. van der Kaa, M. H. Mulder, J. W. Claassens,
W. B. van den Berg, V. L. Arandhara, J. S. Verbeek, Destructive arthritis in the absence
of both FcgammaRI and FcgammaRIII. J. Immunol. 180, 5083–5091 (2008).
65. R. T. Strait, S. Thornton, F. D. Finkelman, C1 deficiency exacerbates collagen-induced
arthritis. Arthritis Rheum. 68, 1780–1787 (2016).
66. P. Bruhns, Properties of mouse and human IgG receptors and their contribution
to disease models. Blood 119, 5640–5649 (2012).
67. K. Kobayashi, H. Ogata, M. Morikawa, S. Iijima, N. Harada, T. Yoshida, W. R. Brown, N. Inoue,
Y. Hamada, H. Ishii, M. Watanabe, T. Hibi, Distribution and partial characterisation of IgG Fc
binding protein in various mucin producing cells and body fluids. Gut 51, 169–176 (2002).
68. D. A. Rhodes, D. A. Isenberg, TRIM21 and the function of antibodies inside cells. Trends Immunol.
38, 916–926 (2017).
69. H. Orbach, U. Katz, Y. Sherer, Y. Shoenfeld, Intravenous immunoglobulin adverse effects
and safe administration. Clin. Rev. Allergy Immunol. 29, 173–184 (2005).
70. J. M. Despotovic, M. P. Lambert, J. H. Herman, T. B. Gernsheimer, K. R. McCrae,
M. D. Tarantino, J. B. Bussel, RhIG for the treatment of immune thrombocytopenia:
Consensus and controversy (CME). Transfusion 52, 1126–1136 (2012).
71. B. Lioger, F. Maillot, D. Ternant, C. Passot, G. Paintaud, T. Bejan-Angoulvant, Efficacy
and safety of anti-D immunoglobulins versus intravenous immunoglobulins for immune
thrombocytopenia in children: Systematic review and meta-analysis of randomized
controlled trials. J. Pediatr. 204, 225–233.e8 (2019).
72. P. Malyala, M. Singh, Endotoxin limits in formulations for preclinical research. J. Pharm. Sci.
97, 2041–2044 (2008).
73. L. A. Brito, M. Singh, Acceptable levels of endotoxin in vaccine formulations during
preclinical research. J. Pharm. Sci. 100, 34–37 (2011).
74. A. R. Crow, S. Song, S. J. Suppa, S. Ma, M. P. Reilly, P. Andre, S. E. Mc Kenzie, A. H. Lazarus,
Amelioration of murine immune thrombocytopenia by CD44 antibodies: A potential
therapy for ITP? Blood 117, 971–974 (2011).
75. P. J. Mott, A. H. Lazarus, CD44 antibodies and immune thrombocytopenia
in the amelioration of murine inflammatory arthritis. PLOS ONE 8, e65805 (2013).
76. I. K. Campbell, D. Leong, K. M. Edwards, V. Rayzman, M. Ng, G. L. Goldberg, N. J. Wilson,
K. Scalzo-Inguanti, C. Mackenzie-Kludas, K. E. Lawlor, I. P. Wicks, L. E. Brown, A. B. Morelli,
C. Panousis, M. J. Wilson, A. D. Nash, B. S. McKenzie, A. E. Andrews, Therapeutic targeting
of the G-CSF receptor reduces neutrophil trafficking and joint inflammation in antibody
mediated inflammatory arthritis. J. Immunol. 197, 4392–4402 (2016).
77. R. Kapur, M. Kim, S. Shanmugabhavananthan, J. Liu, Y. Li, J. W. Semple, C-reactive protein
enhances murine antibody-mediated transfusion-related acute lung injury. Blood 126,
2747–2751 (2015).
Acknowledgments: We thank J. Legarda, M. Menard, L. Bernardo, X. Yu, P. Norris, D. Leontyev,
and M. Rui for assistance and helpful discussion, as well as the St Michael’s Research Vivarium
staff. Funding: This study was supported by peer-reviewed operating grants from the
Canadian Blood Services (CBS)/Canadian Institutes of Health Research (CIHR) Partnership to
A.H.L. (no. FRN6897) and from the CBS Intramural Operating Grant program to A.H.L.
(2013-IG-AL00545 and 2015-IG-AL), as well as a Health Canada/CBS priority grant to J.W.S., R. Kapur,
I.Y., and Y.C.-L. were recipients of post-doctoral fellowships from the Canadian Blood Services.
Resources for all programs are provided by Health Canada, a division of the federal
government of Canada. The views expressed herein do not necessarily represent the views of
the federal government. A portion of this work was funded by CSL. Author contributions:
A.R.C. designed research, performed experiments, analyzed data, and wrote the manuscript;
R. Kapur, P.J.M., I.K.C., and S. Koernig designed research, performed experiments, analyzed data,
and edited the manuscript; D.M., A.A., C.-C.J., I.Y., J.B., S. Kahlon, R. Khan, Y.C.-L., and M.K.
performed experiments and analyzed data; H.N. provided experimental tools and resources;
J.W.S., A.W.Z., and F.K. designed research, provided experimental tools and resources, and
edited the manuscript; A.H.L. designed research, analyzed data, obtained grant funding, and
wrote the manuscript. Competing interests: A.R.C. and A.H.L. have patents (CA-2467781;
EP-1370288; US-15/769,697) on the use of monoclonal antibodies to treat ITP. I.K.C., J.B., S.Koernig,
A.W.Z., and F.K. are employees of CSL Ltd. or CSL Behring AG. Data and materials availability:
All data associated with this study are present in the paper or Supplementary Materials. The
protein sequence of Ter119 antibody expressed as murine IgG1 and IgG2a isotype switched
mutants are provided in fig. S4 and may also be requested from CSL.
Submitted 18 July 2018
Resubmitted 8 February 2019
Accepted 11 July 2019
Published 21 August 2019
10.1126/scitranslmed.aau8217
Citation: A. R. Crow, R. Kapur, S. Koernig, I. K. Campbell, C.-C. Jen, P. J. Mott, D. Marjoram, R. Khan,
M. Kim, J. Brasseit, Y. Cruz-Leal, A. Amash, S. Kahlon, I. Yougbare, H. Ni, A. W. Zuercher,
F. Käsermann, J. W. Semple, A. H. Lazarus, Treating murine inflammatory diseases with an antierythrocyte antibody. Sci. Transl. Med. 11, eaau8217 (2019).

13 of 13

Downloaded from http://stm.sciencemag.org/ by guest on April 12, 2021

41. Y. Zhou, Y. Zhang, A. Johnson, A. Venable, J. Griswold, D. Pappas, Combined CD25, CD64, and CD69
biomarker panel for flow cytometry diagnosis of sepsis. Talanta 191, 229–234 (2019).
42. M. Furebring, L. D. Håkansson, P. Venge, B. Nilsson, J. Sjölin, Expression of the C5a
receptor (CD88) on granulocytes and monocytes in patients with severe sepsis. Crit. Care
6, 363–370 (2002).
43. C. B. Marsh, M. D. Wewers, L. C. Tan, B. H. Rovin, Fc(gamma) receptor cross-linking
induces peripheral blood mononuclear cell monocyte chemoattractant protein-1
expression: Role of lymphocyte Fc(gamma)RIII. J. Immunol. 158, 1078–1084 (1997).
44. R. Spirig, I. K. Campbell, S. Koernig, C. G. Chen, B. J. B. Lewis, R. Butcher, I. Muir, S. Taylor,
J. Chia, D. Leong, J. Simmonds, P. Scotney, P. Schmidt, L. Fabri, A. Hofmann, M. Jordi,
M. O. Spycher, S. Cattepoel, J. Brasseit, C. Panousis, T. Rowe, D. R. Branch, A. Baz Morelli,
F. Käsermann, A. W. Zuercher, RIgG1 Fc hexamer inhibits antibody-mediated autoimmune
disease via effects on complement and FcRs. J. Immunol. 200, 2542–2553 (2018).
45. I. K. Campbell, M. J. Rich, R. J. Bischof, J. A. Hamilton, The colony stimulating factors
and collagen-induced arthritis: Exacerbation of disease by M-CSF and G-CSF
and requirement for endogenous M-CSF. J. Leukoc. Biol. 68, 144–150 (2000).
46. J. W. Semple, J. Rebetz, R. Kapur, Transfusion-associated circulatory overload and transfusionrelated acute lung injury. Blood 133, 1840–1853 (2019).
47. J. Semple, M. J. McVey, M. Kim, J. Rebetz, W. Kuebler, R. Kapur, Targeting transfusionrelated acute lung injury: The journey from basic science to novel therapies. Crit. Care Med.
46, e452–e458 (2018).
48. M. R. Looney, X. Su, J. A. Van Ziffle, C. A. Lowell, M. A. Matthay, Neutrophils and their Fc
receptors are essential in a mouse model of transfusion-related acute lung injury. J. Clin. Invest.
116, 1615–1623 (2006).
49. Y. L. Fung, M. Kim, A. Tabuchi, R. Aslam, E. R. Speck, L. Chow, W. M. Kuebler, J. Freedman,
J. W. Semple, Recipient T lymphocytes modulate the severity of antibody-mediated
transfusion-related acute lung injury. Blood 116, 3073–3079 (2010).
50. J. W. Semple, M. Kim, J. Hou, M. M. Vey, Y. J. Lee, A. Tabuchi, W. M. Kuebler, Z.-W. Chai,
A. H. Lazarus, Intravenous immunoglobulin prevents murine antibody-mediated acute
lung injury at the level of neutrophil reactive oxygen species (ROS) production. PLOS ONE
7, e31357 (2012).
51. N. Cooper, N. M. Heddle, M. de Haas, M. E. Reid, M. L. Lesser, H. B. Fleit, B. M. R. Woloski,
J. B. Bussel, Intravenous (IV) anti-D and IV immunoglobulin achieve acute platelet
increases by different mechanisms: Modulation of cytokine and platelet responses to IV
anti-D by FcRIIa and FcRIIIa polymorphisms. Br. J. Haematol. 124, 511–518 (2004).
52. A. R. Crow, S. Song, J. W. Semple, J. Freedman, A. H. Lazarus, A role for IL-1 receptor
antagonist or other key regulatory cytokines in the acute therapeutic effects of IVIg
in murine ITP? Blood 109, 155–158 (2007).
53. D. M. Boruchov, S. Gururangan, M. C. Driscoll, J. B. Bussel, Multiagent induction
and maintenance therapy for patients with refractory immune thrombocytopenic
purpura (ITP). Blood 110, 3526–3531 (2007).
54. D. Leontyev, Y. Katsman, D. R. Branch, Mouse background and IVIG dosage are critical
in establishing the role of inhibitory Fc receptor for the amelioration of experimental ITP.
Blood 119, 5261–5264 (2012).
55. V. Siragam, D. Brinc, A. R. Crow, S. Song, J. Freedman, A. H. Lazarus, Can antibodies
with specificity for soluble antigens mimic the therapeutic effects of intravenous IgG
in the treatment of autoimmune disease? J. Clin. Invest. 115, 155–160 (2005).
56. D. L. Cooper, S. G. Martin, J. I. Robinson, S. L. Mackie, C. J. Charles, J. Nam; YEAR
Consortium, J. D. Isaacs, P. Emery, A. W. Morgan, FcRIIIa expression on monocytes
in rheumatoid arthritis: Role in immune-complex stimulated TNF production
and non-response to methotrexate therapy. PLOS ONE 7, e28918 (2012).
57. T. Döbel, A. Kunze, J. Babatz, K. Tränkner, A. Ludwig, M. Schmitz, A. Enk, K. Schäkel, FcRIII
(CD16) equips immature 6-sulfo LacNAc-expressing dendritic cells (slanDCs)
with a unique capacity to handle IgG-complexed antigens. Blood 121, 3609–3618 (2013).
58. J. Song, C. Wu, X. Zhang, L. M. Sorokin, In vivo processing of CXCL5 (LIX) by matrix
metalloproteinase (MMP)-2 and MMP-9 promotes early neutrophil recruitment
in IL-1-induced peritonitis. J. Immunol. 190, 401–410 (2013).
59. G.-M. Lilienthal, J. Rahmöller, J. Petry, Y. C. Bartsch, A. Leliavski, M. Ehlers, Potential
of murine IgG1 and human IgG4 to inhibit the classical complement and Fc receptor
activation pathways. Front. Immunol. 9, 958 (2018).
60. S. Kleinau, P. Martinsson, B. Heyman, Induction and suppression of collagen-induced
arthritis is dependent on distinct Fc gamma receptors. J. Exp. Med. 191, 1611–1616
(2000).
61. H. Ji, K. Ohmura, U. Mahmood, D. M. Lee, F. M. Hofhuis, S. A. Boackle, K. Takahashi,
V. M. Holers, M. Walport, C. Gerard, A. Ezekowitz, M. C. Carroll, M. Brenner, R. Weissleder,
J. S. Verbeek, V. Duchatelle, C. Degott, C. Benoist, D. Mathis, Arthritis critically dependent
on innate immune system players. Immunity 16, 157–168 (2002).
62. T. Kagari, D. Tanaka, H. Doi, T. Shimozato, Essential role of Fcy receptors in anti-type II
collagen antibody-induced arthritis. J. Immunol. 170, 4318–4324 (2003).
63. T. Díaz de Ståhl, M. Andrén, P. Martinsson, J. S. Verbeek, S. Kleinau, Expression of FcRIII is
required for development of collagen-induced arthritis. Eur. J. Immunol. 32, 2915–2922
(2002).

Treating murine inflammatory diseases with an anti-erythrocyte antibody
Andrew R. Crow, Rick Kapur, Sandra Koernig, Ian K. Campbell, Chao-Ching Jen, Patrick J. Mott, Danielle Marjoram,
Ramsha Khan, Michael Kim, Jennifer Brasseit, Yoelys Cruz-Leal, Alaa Amash, Simrat Kahlon, Issaka Yougbare, Heyu
Ni, Adrian W. Zuercher, Fabian Käsermann, John W. Semple and Alan H. Lazarus

Sci Transl Med 11, eaau8217.
DOI: 10.1126/scitranslmed.aau8217

ARTICLE TOOLS

http://stm.sciencemag.org/content/11/506/eaau8217

SUPPLEMENTARY
MATERIALS

http://stm.sciencemag.org/content/suppl/2019/08/19/11.506.eaau8217.DC1

RELATED
CONTENT

http://stm.sciencemag.org/content/scitransmed/8/365/365ra158.full
http://stm.sciencemag.org/content/scitransmed/11/491/eaan2585.full
http://stm.sciencemag.org/content/scitransmed/9/386/eaai9044.full
http://stm.sciencemag.org/content/scitransmed/9/414/eaan1208.full

REFERENCES

This article cites 77 articles, 29 of which you can access for free
http://stm.sciencemag.org/content/11/506/eaau8217#BIBL

PERMISSIONS

http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service
Science Translational Medicine (ISSN 1946-6242) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. The title Science Translational Medicine is a
registered trademark of AAAS.
Copyright © 2019 The Authors, some rights reserved; exclusive licensee American Association for the Advancement
of Science. No claim to original U.S. Government Works

Downloaded from http://stm.sciencemag.org/ by guest on April 12, 2021

Fighting inflammation with inflammation
Immune thrombocytopenia (ITP) can be treated with IVIg or even anti-D, which is immunoglobulin directed
against red blood cells (RBCs). To investigate whether an anti-RBC antibody could confer benefits in other
inflammatory models, Crow et al. turned to the mouse anti-RBC antibody Ter119, known to be not only
inflammatory but also therapeutic in ITP models. They now show that the beneficial effects in ITP are not due to
induction of anemia. Ter119 also successfully treated multiple mouse models of arthritis and prevented symptoms
in an acute lung injury model. These effects were dependent on a functional Fc portion and involved modulation of
monocytes and chemokines. Their results suggest that anti-RBC antibodies might be able to replace IVIg for many
inflammatory indications.

