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Introduction

Anemia accompanies a variety of chronic illnesses including 
inflammatory disorders, neoplasia, and infection.[1] In some 
infection diseases such as Mycoplasma pneumoniae, anemia 
correlates with increased risk of early death.[2] Correlative 
clinical reports, supported by in‑vitro studies, suggest a 
significant role for the inflammatory cytokines interferon 
gamma (IFNγ) and tumor necrosis factor‑α (TNF‑α) in the 
onset of anemia.[3,4] However, direct in‑vivo studies of the 
causes of anemia during infectious disease have not been 
performed, and the underlying mechanisms remain poorly 
defined.

Interferon gamma critically mediates host resistance to 
numerous infections. Deficiencies in the production of IFNγ 

or the IFNγ receptor (IFNγ‑R) result in impaired resistance to 
bacterial,[5] viral,[6] and parasitic infections.[7] IFNγ initiates 
protection from infection by inducing the expression of 
genes that enhance immunity and exert antimicrobial 
functions.[8] In addition to its well‑recognized protective 
effects, pathological effects have also been attributed to 
IFNγ production during viral,[6] helminth,[9] and parasitic[10,11] 
infections. Specifically, production of IFNγ has been 
correlated to the onset of anemia during both autoimmune 
and infectious disease.[1] In vitro evidence has suggested 
an inhibitory role of IFNγ in the maturation of erythroid 
progenitors.[12,13] However, direct in‑vivo mechanisms for 
IFNγ‑induced anemia during infection remain to be fully 
elucidated.

The binding of IFNγ to cellular receptors stimulates 
recruitment and activation of members of the Janus kinase 
and signal transducer and activator of transcription (STAT) 
family. Phosphorylation of STAT1 stimulates the transcription 
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of most IFNγ‑inducible genes.[14] Specifically, STAT1 is 
involved in the transcriptional regulation of IFNγ‑inducible 
genes phagocyte NADPH oxidase (Phox), inducible nitric 
oxide synthase (iNOS) and inducible protein 10 (IP‑10),[15‑17] 
all of which are involved in host resistance to infection. 
These antimicrobial genes also are implicated in the 
induction of pathology during a variety of infections.[18‑19]

Toxoplasma  gondii  is  an obligate intracellular, 
protozoan parasite that causes significant disease in 
immunocompromised patients and upon transplacental 
transmission to the developing fetus. Host defense against 
T. gondii infection has been extensively studied in murine 
models, where it has been found that protection is mediated 
by a robust type 1 immune response characterized by the 
production of large quantities of IFNγ.[20] In this setting, 
however, IFNγ also functions pathologically. Liesenfeld 
et al. demonstrated that intestinal pathology accompanying 
acute T. gondii infection was abrogated by suppression of 
IFNγ.[11] In addition, we demonstrated that mice infected with 
T. gondii exhibit anemia that is characterized by decreased 
hematocrits and is dependent upon production of IFNγ.[21] 
Mice lacking hemostatic function  (i.e.,  fibrin[ogen]−/− or 
warfarin‑treated mice) displayed exacerbated IFNγ‑induced 
anemia, suggesting that hemorrhage is responsible for the 
anemia. However, previous literature suggests that IFNγ may 
also suppress erythropoiesis during infection. Therefore, 
in this study, we further characterize the IFNγ‑dependent 
anemia during T. gondii infection in mice. We demonstrate 
that IFNγ production during T. gondii infection both 
decreases red blood cell  (RBC) production as evidenced 
by reduced numbers of circulating reticulocytes, and 
simultaneously increases the loss of circulating RBC. 
However, analyses of erythropoiesis and RBC loss in 
fibrin  (ogen)−/−, IFNγ−/−, IFNγ‑R−/−, and STAT1−/− mice 
revealed that infection‑stimulated anemia primarily results 
from IFNγ‑dependent, STAT1‑independent RBC loss. 
These findings will lead to a better understanding of the 
pathways that result in IFNγ‑mediated protection versus 
IFNγ‑mediated pathology, and should thereby enable the 
development of therapies that alleviate pathology while 
maintaining protection.

Methods

Mice
Six to ten weeks old male mice were used for all experiments. 
C57BL/6, 129S6, STAT1−/−, IFNγ−/−, IFN‑γR−/−, TNF−/−, 
and NOS2−/− mice were purchased from The Jackson 
Laboratory (Bar Harbor, ME, USA). Phox−/−/iNOS−/− mice 
and fibrin(ogen)−/− mice were generously provided by 
Li Chen (Xinan Hospital, Chongqing). Animals were housed 
in a specific pathogen‑free facility and cared for according 
to the General Hospital of Chinese People’s Liberation 
Army and Yuhuangding Hospital Animal Care and Use 
Committee guidelines. Five to ten mice were used for each 
group in our study.

Infections
Toxoplasma gondii strain ME49 was originally provided by 
Li Chen (Xinan Hospital, Chongqing) and maintained by 
serial passage in C57BL/6 mice. For experimental infections, 
mice were infected perorally with indicated numbers of cysts 
in 0.1 ml diluted brain suspension obtained from infected 
animals, as previously described.[21] Sham‑infected mice 
received similarly diluted brain suspensions from uninfected 
animals. At the indicated times, samples from each mouse 
were harvested, processed, and analyzed individually. Where 
indicated, mice were treated with polyclonal anti‑IP‑10 
(100 µg, i.p. every other day) antibody.

Blood parameters
Blood samples from anticoagulated mice (500 U heparin, 
intravenously) were obtained by cardiac puncture immediately 
following euthanasia by carbon dioxide narcosis. For 
the determination of hematocrits and total number of 
circulating RBCs, blood was diluted 20‑fold in 5 mm EDTA 
and analyzed using a Coulter Counter (Beckman Coulter, 
USA). Fecal occult blood was identified using a Hemoccult 
kit  (Beckman Coulter). IFNγ protein levels in sera were 
measured by sandwich ELISA (BD Biosciences, USA).

To quantify numbers of circulating reticulocytes, 
5 µl of blood was stained with 500 µl thiazole orange 
solution  (Retic‑Count, BD Biosciences) for 1  h at 
room temperature, centrifuged at 800×g for 5  min, and 
resuspended in 1% formaldehyde.[22] The percentage of 
thiazole orange‑stained RBC  (i.e.,  reticulocytes) was 
determined by flow cytometry, using forward and side scatter 
to gate on RBC. The total number of reticulocytes was then 
calculated by multiplying the percentage of reticulocytes by 
the total number of RBC as determined by Coulter Counter.

Red blood cell survival was measured by biotinylating all 
circulating cells in  vivo, and then monitoring the loss of 
biotinylated RBC over time.[23] In vivo biotinylation was 
performed the day prior to infection by retro‑orbital injection 
of 1.2 mg biotin, dissolved in 10% dimethyl sulfoxide, given 
in a split dose 2 h apart. Mice were then euthanized on the 
indicated days, and 5 µl blood was stained with streptavidin 
conjugated with phycoerythrin  (BD Pharmingen) and 
TER119 mAb conjugated with fluorescein isothiocyanate. 
The percentage of streptavidin‑positive TER119‑positive 
cells in each sample was identified by flow cytometry and 
multiplied by the total number of RBC determined by Coulter 
Counter to obtain total numbers of biotinylated RBC.

Real‑time polymerase chain reaction
Levels of TNF‑α, iNOS, and IP‑10 mRNA in liver 
tissue were measured by real‑time polymerase chain 
reaction (PCR) (PerkinElmer). Real‑time PCR primer and 
probe sequences for TNF‑α and iNOS were described by 
Smiley laboratory.[21] Primer combinations for IP‑10 are as 
follows; IP‑10‑forward CTGCCGTCATTTTCTGCCTC, 
IP‑10‑reverse CACTGGCCCGTCATCGATAT, IP‑10‑probe 
CGCAAGGACGGTCCGCTGC.
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Statistics
The data about hematocrit drop, RBC production and RBC loss 
were analyzed by one‑way analysis of variance (ANOVA). 
Student’s t‑test was used for other data analysis. Both 
Student’s t‑test and one‑way ANOVA were performed using 
the computer program Prism 5.0 (GraphPad Software Inc. 
San Diego, USA).

Results

Production of red blood cell is impaired during infection 
but does not fully account for Toxoplasma gondii‑induced 
anemia
Infection of C57BL/6 mice with T. gondii induced robust 
IFNγ production [Figure 1a] that correlated kinetically with 
decreased hematocrits [Figure 1b] and numbers of circulating 
RBC  [Figure  1c]. To further delineate the mechanisms 
underlying this anemia, we quantified RBC production 
throughout the course of T. gondii infection. After their 
release from bone marrow as erythroblasts, RBC retain RNA 

for 24–48 h. During this period, RBC was referred to as 
reticulocytes and can be enumerated using flow cytometric 
assays employing RNA‑binding dyes. Using such an assay, 
we found that numbers of reticulocytes in infected mice were 
comparable to those of sham‑infected mice up through day 6. 
At day 8, post infection reticulocyte numbers decreased 
significantly, but rebounded by day 10 and then remained 
elevated until the anemia resolved [Figure 1d]. These results 
indicate that RBC production only briefly decreases during 
T. gondii infection, and fully recovers prior to the peak of 
anemia at day 10.

Increased red blood cell loss and hemorrhage 
accompany Toxoplasma gondii infection
Based on data in Figure 1d, decreased production of RBC 
can only account for at most a deficit of 0.8 × 109 RBC. 
Since T. gondii‑infected mice have approximately 3.55 × 109 
fewer circulating RBC than sham control mice on day 10 of 
infection [Figure 1c], an alternative mechanism to decreased 
erythropoiesis must account for the 2.75  ×  109 decrease 

Figure 1: Interferon gamma (IFN‑γ) dependent hematocrit drop during Toxoplasma gondii infection is a result of decreased red blood cell (RBC) 
production and increased RBC loss. Wild type C57BL/6 mice were infected with 10 ME49 cysts and injected with biotin as described in materials 
and methods. (a) Serum IFNγ levels; (b) Hematocrit; (c) RBC numbers; (d) Total number of reticulocytes; (e) Total number of biotinylated RBC 
and (f) Occult blood were evaluated on days indicated. Significant differences between sham‑infected controls and T. gondii‑infected mice are 
depicted (*P < 0.02). All data are represented as mean ± SD of four mice per group.
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in total RBC in infected mice. Therefore, we investigated 
the possibility that anemia results also from RBC loss. To 
estimate the rate of RBC loss, we pulse‑labeled RBC with 
biotin in vivo[23] and measured the number of biotin‑labeled 
RBC remaining at various time points throughout T. gondii 
infection. Figure  1e indicates that sham‑infected mice 
lost circulating biotinylated RBC at an average rate of 
2.1% per day. In contrast, T. gondii‑infected mice lost 
circulating biotinylated RBC at an average of 11.4% per day 
between days 6 and 10 of infection accounting for a total of 
2.4 × 109 RBC. After that time, the rate of loss returned to that 
observed in sham‑infected controls. Thus, T. gondii‑infected 
mice display a significant increase in RBC loss during the 
same period at which they display anemia.

To evaluate whether the loss of RBC resulted from 
T. gondii‑induced hemorrhage, we obtained fecal samples 
from infected animals at various days of infection and 
analyzed for the presence of occult blood. We detected fecal 
occult blood on days 8 and 10 post infection  [Figure 1f] 
indicative of an intestinal hemorrhage in infected animals. 
Together, our findings of brief decline in erythropoiesis, 
increased RBC loss and the presence of fecal occult blood 
in infected mice strongly suggest that hemorrhage accounts 
for a majority of the RBC lost during T. gondii‑infection.

Fibrin‑deficiency exacerbates Toxoplasma gondii 
induced hemorrhage without impacting red blood cell 
production
Fibrin is a product of the coagulation cascade that aids clotting 
thereby suppressing blood loss. To determine whether the 
exacerbated hematocrit drop in fibrin(ogen)−/− mice results 
from decreased RBC production or increased RBC loss, both 
parameters were measured in fibrin(ogen)−/− and littermate 
control mice on day 8 post infection [Figure 2]. As previously 
reported, the hematocrits of fibrin(ogen)−/− mice infected 
with T. gondii were significantly decreased as compared 
with infected littermate controls [Figure 2a]. The number 
of reticulocytes in fibrin(ogen)−/− animals did not differ 
significantly from controls [Figure 2b], however; the loss 
of circulating biotinylated RBC was significantly greater in 
fibrin(ogen)−/− mice compared with control mice [Figure 2c]. 
Taken together, these data indicate an important role for 
RBC loss in the T. gondii‑induced hematocrit reduction 
in fibrin(ogen)−/− mice, supporting our conclusion that 
decreases in hematocrit primarily reflect hemorrhage caused 
by infection.

Anemia that accompanies Toxoplasma gondii infection 
is dependent upon interferon gamma and interferon 
gamma receptor, but is tumor necrosis factor, inducible 
nitric oxide synthase, phagocyte NADPH oxidase and 
inducible protein 10 independent
Mice lacking the capacity to produce IFNγ fail to exhibit 
the T. gondii‑induced hematocrit reduction  [Figure  3a]. 
Consistent with those findings, mice unable to respond to IFNγ 
due to a genetic deficiency of IFNγ‑R also do not demonstrate 
the T. gondii‑induced hematocrit reduction  [Figure  3a]. 

While infection of WT mice caused a significant decrease in 
reticulocyte numbers, infection of IFNγ−/− or IFNγ‑R−/− mice 
did not alter reticulocyte numbers as compared with sham 
controls [Figure 3b]. Furthermore, there was no significant 
evidence of hemorrhage in infected IFNγ−/− or IFNγ‑R−/− mice 
as measured through loss of biotinylated RBC or fecal occult 
blood [Figure 3c and d]. These data demonstrate that both 
the decreased erythropoiesis and the increased RBC loss 
components of T. gondii‑induced anemia are dependent upon 
the production of IFNγ and subsequent signaling through 
the IFNγ‑R.

Interferon gamma has been implicated in the induction of the 
inflammatory cytokine TNF‑α, resulting in pathology during 
malaria infection.[24] Also, previous literature has suggested 
a synergistic role for IFNγ and TNF‑α in eliciting an 
immune response to T. gondii[25‑27] and in the suppression of 
hematopoietic progenitor cell growth in vitro.[28] Following 
confirmation of TNF‑α mRNA induction during infection 

Figure  2: Fibrin is protective against interferon gamma‑induced 
hemorrhage during Toxoplasma gondii infection. Fibrin  (ogen) 
heterozygous and knockout mice were biotinylated and infected 
with T. gondii on day 0. Blood samples were collected on day 8 of 
infection.  (a) Hematocrit levels;  (b) Total number of reticulocytes 
and  (c) Total number of biotinylated red blood cell are shown for 
fibrin (ogen)−/− mice and heterozygous littermates.
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with T. gondii [Figure 4a], we asked whether TNF‑α plays 
a role in T. gondii‑induced anemia. Hematocrit levels and 
numbers of biotinylated RBC were significantly decreased 
in TNF‑α−/− mice infected with T. gondii as compared with 
sham controls [Figure 4b], indicating that T. gondii‑induced 
anemia is TNF‑α‑independent.

Having ruled out a role for TNF‑α in the reduction of 
hematocrit levels during T. gondii infection, we focused 
on IFNγ‑dependent effector molecules upregulated during 
T. gondii infection. Both iNOS and Phox are IFNγ inducible 
genes involved in the regulation of the immune response 
and intestinal pathology during infection with Francisella 
tularensis.[29] The products of these genes generate reactive 
nitrogen and oxygen species, which could be responsible for 
tissue and endothelial damage leading to vascular leakage 
and subsequent hemorrhage. Induction of iNOS mRNA on 
D8 of infection was significantly abrogated in IFNγ−/− mice 
compared with C57BL/6 infected mice [Figure 4c], indicating 
that iNOS is inducible by IFNγ during T. gondii infection. To 
determine whether hemorrhage during T. gondii infection 
was a consequence of host cell damage due to reactive 
oxygen, we evaluated hematocrit levels in both iNOS−/− and 
Phox/iNOS double knock‑out animals. Hematocrit levels 
decreased significantly in both iNOS−/− and Phox−/−/iNOS−/− 
mice on day 8 postinfection compared with sham‑infected 
controls  [Figure 4d], and the extent of this decrease was 
comparable to that seen in WT mice. In addition to iNOS and 
Phox, IFNγ stimulates production also of IP‑10, which has 
been implicated in downstream effector functions resulting 
in immunopathology during Crohn’s disease.[30] Similarly to 
iNOS mRNA, induction of IP‑10 mRNA during T. gondii 
infection is reduced in IFNγ−/− mice compared with WT 
controls [Figure 4c]. Nevertheless, wild type B6 mice treated 
with anti‑IP‑10 displayed a significant hematocrit decrease on 

day 8 of infection [Figure 4d]. Thus, while the T. gondii‑induced 
anemia is IFNγ‑ and IFNγ‑R‑dependent [Figure 3], these data 
demonstrate that anemia is independent of TNF‑α, iNOS, 
Phox and IP‑10 gene products [Figure 4].

To x o p l a s m a  g o n d i i ‑ i n d u c e d ,  i n t e r f e r o n 
gamma‑dependent hemorrhage is signal transducer 
and activator of transcription 1 independent
Identification of the signaling cascades involved in 
IFNγ‑mediated anemia during T. gondii infection may 
provide critical insight into the downstream effector molecules 
regulating infection‑associated hemorrhage. IFNγ induces gene 
expression primarily through STAT1‑dependent pathways.[31,32] 
To evaluate the role of STAT1 in T. gondii‑stimulated anemia, 
we infected STAT1−/− mice and measured blood parameters 
on day 8 postinfection. Unexpectedly, hematocrit levels in 
STAT1−/− mice were significantly lower than those of sham 
controls [Figure 5a], and comparable to genetically matched 
129S6 mice infected with T. gondii. Reticulocyte production did 
not decrease as a result of infection in STAT1−/− mice or their 
1296 controls [Figure 5b], but there was a significant loss of 
biotinylated RBC in both strains compared with sham‑infected 
mice  [Figure 5c]. Based on these results, we conclude that 
the IFNγ‑induced hemorrhage in T. gondii infected animals is 
mediated through a STAT1‑independent mechanism.

Discussion

Anemia accompanies a variety of infectious diseases 
including malaria,[24] trypanosomiasis,[33] mononucleosis[34] 

Figure 3: Interferon gamma (IFNγ) and IFNγ receptor are required for 
Toxoplasma gondii induce anemia. Indicated knockout mice were infected 
with 10 ME49 cysts and blood and fecal samples collected on day 8. (a) 
Hematocrit levels; (b) Total number of reticulocytes; (c) Total number 
of biotinylated red blood cell and (d) Percent positive hemoccults are 
shown for both infected and uninfected animals (ND: None detected). 
Significant differences are shown (*P < 0.05). All data are represented 
as mean ± SD of at least three mice per group.
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Figure 4: Toxoplasma gondii induces hemorrhage in a tumor necrosis 
factor  (TNF), phagocyte NADPH oxidase, inducible nitric oxide 
synthase (iNOS), and inducible protein 10 (IP‑10) independent manner. 
Indicated knockout mice were infected with 10 ME49 cysts and blood 
and fecal samples collected on day 8.  (a) Levels of TNF mRNA in 
C57BL/6 mice and (b) hematocrit levels in TNF knockout mice, are 
shown for both infected and uninfected animals. Similarly, induction of 
iNOS and IP‑10 mRNA (c) and decreased hematocrit for indicated KO 
mice (d) are shown for both infected and uninfected animals. Significant 
differences are shown (*P < 0.02) (ND: None detected). All data are 
represented as mean ± SD of at least three mice per group.
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and secondary infections during HIV.[2,35] Clinical studies 
have implicated important roles from inflammatory 
cytokines in the anemia’s associated with infectious disease. 
In this study, an in vivo model was used to evaluate roles 
for the inflammatory cytokine, IFNγ, in the onset of anemia 
due to infectious disease. Specifically, this study identifies 
a STAT1‑independent IFNγ‑induced pathology during 
infection with the protozoan parasite T. gondii.

Infection‑induced anemia could potentially result from 
decreased RBC production, RBC loss due to hemorrhage 
or destruction, as described in disseminated intravascular 
coagulation  (DIC), or pathogen‑associated hemolysis. In 
the present study, we show that T. gondii‑induced anemia 
results from both decreased erythropoiesis and increased 
loss of circulating RBC [Figure 1]. We believe hypochromic 

microcytic anemia is the only morphological features for 
hemorrhagic anemia, and red cell loss caused by infection 
is the only reason during this process. Results of mean 
corpuscular volume mean corpuscular hemoglobin support 
our idea (data not shown). Anemia resulting from decreased 
erythropoiesis has been described in murine malaria, in part 
resulting from effects of increased TNF‑α levels on RBC 
precursor cells in the bone marrow of infected mice.[36] 
Additionally, decrease numbers of erythroid progenitor 
cells have been previously observed in CBA mice infected 
with the virulent RH strain of T. gondii.[37] Together, 
these reports support our conclusion that a decrease in 
erythropoiesis during T. gondii infection is in part responsible 
for the induced anemia. Nevertheless, the decrease in RBC 
production accounts for only a small portion of the total 
number of RBC lost during T. gondii infection, indicating 
that an additional mechanism must contribute to this anemia. 
The possibility that anemia during T. gondii infection is not 
solely due to a reduction of erythropoiesis is supported by 
similar data during malaria infections.[38]

Another candidate for the cause of infection‑induced anemia 
includes the destruction of RBC in circulation.[39] During 
T. gondii infection, RBC destruction does not appear to be a 
mechanism for anemia, as there are no detectable spherocytes 
or schistocytes, hallmarks of such destruction,[39] in 
peripheral blood smears from infected mice (data not shown). 
Alternatively, hemophagocytosis accompanies certain 
infections and can result in decreased erythrocyte numbers 
due to their phagocytosis by activated macrophages.[34] 
However, it is unclear why loss of fibrin would predispose 
to increased hemophagocytosis or lysis, whereas it is 
obvious that it predisposes to hemorrhage [Figure 2]. Indeed, 
hemorrhage, as measured through loss of biotinylated RBC 
and positive hemoccult, accounts for the majority of RBC 
loss during T. gondii‑induced anemia [Figure 1].

Hemorrhagic pathology, including bleeding from the 
respiratory and gastrointestinal organs, has been described 
during both bacterial and viral infections. During dengue 
hemorrhagic fever, hemorrhage is a result of vasculopathy 
and coagulopathy due to an imbalance between coagulation 
and fibrinolysis.[40] Activation of the coagulation system 
can result in increased fibrin deposition in the vasculature 
causing DIC and a subsequent depletion of RBC due to 
thrombosis and bleeding as described in viral hemorrhagic 
fevers.[41] Dengue‑virus induced hemorrhage is correlated 
to platelet abnormalities and DIC.[40] Though we have not 
formally ruled out DIC as a possible cause of T. gondii 
induced anemia, exacerbation of anemia in fibrin (ogen)−/− 
animals suggests that excessive coagulation is a not a primary 
cause of anemia. Nevertheless, our data indicated that RBC 
loss and hemorrhage are primary causes of IFNγ‑dependent 
anemia in T. gondii‑infected mice.

Previous research has implicated several IFNγ‑IPs in 
pathology associated with inflammation. Treating mice 
with nitric oxide inhibitors prevented intestinal necrosis 
during T. gondii infection.[25] Additionally, IP‑10 has been 

Figure 5: Interferon gamma mediated hemorrhage is STAT1‑independent. 
STAT1 KO mice and genetically matched 129S6 controls were injected 
with biotin and infected with 10 ME49 cysts of Toxoplasma gondii. 
On day 8 of infection, blood and fecal samples were collected 
and analyzed.  (a) Hematocrit levels in 129S6 and STAT1−/− mice 
were significantly decreased as compared with sham controls; 
(b) Reticulocyte numbers were not significantly different between 
Toxoplasma gondii infected and sham control mice; (c) Both 129S6 
and STAT1−/− mice lost a significant number of biotinylated red 
blood cell as a result of T. gondii infection. Significant differences are 
shown (*P < 0.05). All data are represented as mean ± SD of at least 
four mice per group.
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implicated in the induction of liver, kidney, and intestinal 
pathology during Crohn’s disease.[30] However, we were 
unable to identify a role for nitric oxide, or IP‑10 in the 
induction of anemia during T. gondii infection. Additionally, 
no role for TNF‑α was identified in T. gondii induced 
anemia. Though anemia during Trypanosoma cruzi is 
not accompanied by a decrease in reticulocyte numbers, 
similar to our findings, chemical inhibition of nitric oxide 
or treatment with anti‑TNF did not rescue mice from anemia 
even though these treatments resulted in increased numbers 
of reticulocytes and suppressed decreases in bone marrow 
erythroblast numbers during infection.[33] Our results suggest 
that divergent mechanisms may exist for IFNγ‑induced 
protection compared with IFNγ‑induced hemorrhagic 
immunopathology during T. gondii infection.

Identification of the signaling cascades involved in 
IFNγ‑mediated anemia during T. gondii infection may 
provide insight into the downstream effector molecules 
regulating hemorrhage. Recent studies established that 
IFNγ production is STAT1 independent[14,42] during T. gondii 
infection. This led us to assess roles for STAT1 as a 
downstream signaling molecule involved in IFNγ‑induced 
hemorrhage during T. gondii infection. Based on previous 
literature describing the induction of pathological IFNγ 
effector mechanisms through STAT1, we anticipated that this 
signaling mechanism also would be required in induction 
of IFNγ‑dependent pathology during T. gondii infection. 
Surprisingly, in this setting, T. gondii infection stimulated 
anemia in a STAT1‑independent fashion. These data 
suggest that both the induction of IFNγ and the subsequent 
activation of an IFNγ‑induced effector mechanism resulting 
in hemorrhage is a STAT1‑independent pathway. Recent 
in vitro studies with macrophages have identified MCP‑1, 
MIP‑1α and β, as STAT1‑independent, IFNγ‑inducible 
genes.,[43,44] However, infections of CCL2, CCR2 or CCR5 
deficient mice did not indicate a role for these chemokines 
in T. gondii‑induced anemia (data not shown). Future in vivo 
studies will continue to investigate potential IFNγ‑dependent, 
STAT1‑independent effector molecules that are responsible 
for T. gondii induced hemorrhagic anemia. Understanding 
the pathways that result in IFNγ‑mediated protection versus 
IFNγ‑mediated pathology will provide valuable information 
to prevent immune pathology while, not compromising the 
protective effects of the immune response.
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