
 189

infected macrophages is dependent upon the virulence of the phagocytosed 

parasites. Eur J Immunol 29:762-773. 

15. Fruth, U., N. Solioz, and J.A. Louis. 1993. Leishmania major interferes with 

antigen presentation by infected macrophages. J Immunol 150:1857-1864. 

16. Reiner, N.E., W. Ng, T. Ma, and W.R. McMaster. 1988. Kinetics of gamma 

interferon binding and induction of major histocompatibility complex class II 

mRNA in Leishmania-infected macrophages. Proc Natl Acad Sci U S A 85:4330-

4334. 

17. Bronte, V., and P. Zanovello. 2005. Regulation of immune responses by L-

arginine metabolism. Nat Rev Immunol 5:641-654. 

18. Bussiere, F.I., R. Chaturvedi, Y. Cheng, A.P. Gobert, M. Asim, D.R. Blumberg, 

H. Xu, P.Y. Kim, A. Hacker, R.A. Casero, Jr., and K.T. Wilson. 2005. Spermine 

causes loss of innate immune response to Helicobacter pylori by inhibition of 

inducible nitric-oxide synthase translation. J Biol Chem 280:2409-2412. 

19. Chaturvedi, R., M. Asim, S. Hoge, N.D. Lewis, K. Singh, D.P. Barry, T. de 

Sablet, M.B. Piazuelo, A.R. Sarvaria, Y. Cheng, E.I. Closs, R.A. Casero, Jr., A.P. 

Gobert, and K.T. Wilson. 2010. Polyamines Impair Immunity to Helicobacter 

pylori by Inhibiting L-Arginine Uptake Required for Nitric Oxide Production. 

Gastroenterology 139:1686-1698, 1698 e1681-1686. 

20. Cobbold, S.P., E. Adams, C.A. Farquhar, K.F. Nolan, D. Howie, K.O. Lui, P.J. 

Fairchild, A.L. Mellor, D. Ron, and H. Waldmann. 2009. Infectious tolerance via 

the consumption of essential amino acids and mTOR signaling. Proc Natl Acad 

Sci U S A 106:12055-12060. 



 190

21. El Kasmi, K.C., J.E. Qualls, J.T. Pesce, A.M. Smith, R.W. Thompson, M. Henao-

Tamayo, R.J. Basaraba, T. Konig, U. Schleicher, M.S. Koo, G. Kaplan, K.A. 

Fitzgerald, E.I. Tuomanen, I.M. Orme, T.D. Kanneganti, C. Bogdan, T.A. Wynn, 

and P.J. Murray. 2008. Toll-like receptor-induced arginase 1 in macrophages 

thwarts effective immunity against intracellular pathogens. Nat Immunol 9:1399-

1406. 

22. El-Gayar, S., H. Thuring-Nahler, J. Pfeilschifter, M. Rollinghoff, and C. Bogdan. 

2003. Translational control of inducible nitric oxide synthase by IL-13 and 

arginine availability in inflammatory macrophages. J Immunol 171:4561-4568. 

23. Gabrilovich, D.I., and S. Nagaraj. 2009. Myeloid-derived suppressor cells as 

regulators of the immune system. Nat Rev Immunol 9:162-174. 

24. Munder, M., B.S. Choi, M. Rogers, and P. Kropf. 2009. L-arginine deprivation 

impairs Leishmania major-specific T-cell responses. Eur J Immunol 39:2161-

2172. 

25. Morris, S.M., Jr. 2007. Arginine metabolism: boundaries of our knowledge. J 

Nutr 137:1602S-1609S. 

26. Makarenkova, V.P., V. Bansal, B.M. Matta, L.A. Perez, and J.B. Ochoa. 2006. 

CD11b+/Gr-1+ myeloid suppressor cells cause T cell dysfunction after traumatic 

stress. J Immunol 176:2085-2094. 

27. Popovic, P.J., H.J. Zeh, 3rd, and J.B. Ochoa. 2007. Arginine and immunity. J Nutr 

137:1681S-1686S. 



 191

28. Mendez, S., S.K. Reckling, C.A. Piccirillo, D. Sacks, and Y. Belkaid. 2004. Role 

for CD4(+) CD25(+) regulatory T cells in reactivation of persistent leishmaniasis 

and control of concomitant immunity. J Exp Med 200:201-210. 

29. Evans, T.G., L. Thai, D.L. Granger, and J.B. Hibbs, Jr. 1993. Effect of in vivo 

inhibition of nitric oxide production in murine leishmaniasis. J Immunol 151:907-

915. 

30. Liew, F.Y., S. Millott, C. Parkinson, R.M. Palmer, and S. Moncada. 1990. 

Macrophage killing of Leishmania parasite in vivo is mediated by nitric oxide 

from L-arginine. J Immunol 144:4794-4797. 

31. Wei, X.Q., I.G. Charles, A. Smith, J. Ure, G.J. Feng, F.P. Huang, D. Xu, W. 

Muller, S. Moncada, and F.Y. Liew. 1995. Altered immune responses in mice 

lacking inducible nitric oxide synthase. Nature 375:408-411. 

32. Green, S.J., M.S. Meltzer, J.B. Hibbs, Jr., and C.A. Nacy. 1990. Activated 

macrophages destroy intracellular Leishmania major amastigotes by an L-

arginine-dependent killing mechanism. J Immunol 144:278-283. 

33. Johann, A.M., V. Barra, A.M. Kuhn, A. Weigert, A. von Knethen, and B. Brune. 

2007. Apoptotic cells induce arginase II in macrophages, thereby attenuating NO 

production. Faseb J 21:2704-2712. 

34. Kropf, P., J.M. Fuentes, E. Fahnrich, L. Arpa, S. Herath, V. Weber, G. Soler, A. 

Celada, M. Modolell, and I. Muller. 2005. Arginase and polyamine synthesis are 

key factors in the regulation of experimental leishmaniasis in vivo. Faseb J 

19:1000-1002. 



 192

35. Munder, M., K. Eichmann, and M. Modolell. 1998. Alternative metabolic states 

in murine macrophages reflected by the nitric oxide synthase/arginase balance: 

competitive regulation by CD4+ T cells correlates with Th1/Th2 phenotype. J 

Immunol 160:5347-5354. 

36. Iniesta, V., L.C. Gomez-Nieto, and I. Corraliza. 2001. The inhibition of arginase 

by N(omega)-hydroxy-l-arginine controls the growth of Leishmania inside 

macrophages. J Exp Med 193:777-784. 

37. Zhang, O., M.C. Wilson, W. Xu, F.F. Hsu, J. Turk, F.M. Kuhlmann, Y. Wang, L. 

Soong, P. Key, S.M. Beverley, and K. Zhang. 2009. Degradation of host 

sphingomyelin is essential for Leishmania virulence. PLoS Pathog 5:e1000692. 

38. Naderer, T., M.A. Ellis, M.F. Sernee, D.P. De Souza, J. Curtis, E. Handman, and 

M.J. McConville. 2006. Virulence of Leishmania major in macrophages and mice 

requires the gluconeogenic enzyme fructose-1,6-bisphosphatase. Proc Natl Acad 

Sci U S A 103:5502-5507. 

39. Pesce, J.T., T.R. Ramalingam, M.M. Mentink-Kane, M.S. Wilson, K.C. El Kasmi, 

A.M. Smith, R.W. Thompson, A.W. Cheever, P.J. Murray, and T.A. Wynn. 2009. 

Arginase-1-expressing macrophages suppress Th2 cytokine-driven inflammation 

and fibrosis. PLoS Pathog 5:e1000371. 

40. Zaph, C., J. Uzonna, S.M. Beverley, and P. Scott. 2004. Central memory T cells 

mediate long-term immunity to Leishmania major in the absence of persistent 

parasites. Nat Med 10:1104-1110. 



 193

41. Stenger, S., N. Donhauser, H. Thuring, M. Rollinghoff, and C. Bogdan. 1996. 

Reactivation of latent leishmaniasis by inhibition of inducible nitric oxide 

synthase. J Exp Med 183:1501-1514. 

42. Stenger, S., H. Thuring, M. Rollinghoff, and C. Bogdan. 1994. Tissue expression 

of inducible nitric oxide synthase is closely associated with resistance to 

Leishmania major. J Exp Med 180:783-793. 

43. Serbina, N.V., T.P. Salazar-Mather, C.A. Biron, W.A. Kuziel, and E.G. Pamer. 

2003. TNF/iNOS-producing dendritic cells mediate innate immune defense 

against bacterial infection. Immunity 19:59-70. 

 

 



 194

Table 5-1 

 

 



 195

Appendix I 

 

 

Localization studies of the amastigote-specific antigens recognized by mAB T17 and 

mAB T18  

 

Michael A. Mandell, Wandy L. Beatty, and Stephen M. Beverley1 

 

1Department of Molecular Microbiology, Washington University School of Medicine, St. 

Louis MO 63110 USA 

 

 



 196

Author contributions 

M.A.M performed experiments and wrote the text. 

W.L.B performed experiments. 

S.M.B. made comments on the text.



 197

Introduction 

One approach for identifying novel Leishmania factors involved in mammalian virulence 

is by the identification of molecules that are specifically expressed by the amastigote 

stage of the parasite’s life cycle, as such molecules are unlikely to have roles in cellular 

“house keeping” or in sand fly virulence. Additionally, molecules with amastigote-

specific expression are good candidates for reverse genetic studies, as their synthesis is 

unlikely to be essential to promastigote-stage parasites, which is the stage of the parasite 

life cycle most easily cultured in a laboratory setting and in which transfection 

experiments are typically performed (1). More than two decades ago, Charles Jaffe 

developed monoclonal antibodies that specifically recognize Leishmania major 

amastigotes, but neither the molecules recognized by these antisera, nor their functions, 

have been determined (2). In Chapter 2 of this thesis, I developed the use of two of these 

antisera, referred to as T17 and T18, as “amastigote markers”. In that work, we showed 

by immunofluorescence microscopy that the two amastigote-specific antisera had 

different sub-cellular localization patterns, and hence recognized different antigens. We 

also found that the T17 and T18 reactive molecules are induced by 8 hours after infection 

of host cells, ultimately labeling >90% of the parasites by 11 hours post-infection. In this 

work, we further describe the sub-cellular localization of the molecules recognized by 

these two antisera by immunoflourescence and immunoelectron microscopy and identify 

conditions that result in high level expression of the T17 and T18 antigens in by >40% of 

parasites axenic culture for proteomic analysis. 
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Materials and Methods 

 Parasite culture 

L. major Friedlin V1 strain (MHOM/IL/80/Friedlin) parasites expressing YFP (yellow 

fluorescent protein; SSU:IR1PHLEO-YFP) were generated as described elsewhere (3). 

These parasites were grown at 26˚C in M199 medium (US Biologicals) supplemented 

with 40 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) pH 7.4, 

50 μM adenosine, 1 μg ml−1 biotin, 5 μg ml−1 hemin, 2 μg ml−1 biopterin and 10% (v/v) 

heat-inactivated fetal calf serum (1). For experiments in which amastigote marker 

induction was assayed in the absence of host cells, 10 ml of parasites that had been in 

stationary-phase for two days (2X108 cells) were pelleted and resuspended in 30 ml pre-

warmed RPMI 1640 (Invitrogen) and kept in a 37˚C for 24 hours with 5% CO2. 

Macrophage infections 

Peritoneal macrophages (PEMs) were elicited by a peritoneal injection of potato starch 

into female C57Bl/6J mice (6-10 weeks old; Jackson Labs) harvested as described, plated 

on glass coverslips, and maintained in DMEM (Invitrogen) containing 10% FCS and 2 

mM L-glutamine in a 37˚C  incubator with 5% CO2 (4). The day after the PEM 

isolations, infective metacyclic-stage parasites were recovered using the density gradient 

centrifugation method (5) and opsonized with serum from C5-deficient mice prior to 

being added at a parasite to PEM ratio of 5:1. Extracellular parasites were removed 2 

hours after infection by extensive washing. Infected PEMs were provided with fresh 

media daily, and samples were prepared for microscopy 3 days after infection. 
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Antibodies, immunofluorescence staining and microscopy 

T17 and T18 antisera were provided by C. Jaffe as lyophilized mouse ascites fluid. For 

these studies we used T17 that was prepared 1/7/1996 and T18 that was prepared 

2/8/1991.  

Samples of infected PEMs on coverslips were fixed in 4% (w/v) paraformaldehyde (PFA) 

in phosphate-buffered saline (PBS) for 10 minutes. In vitro “differentiated” parasites 

were were fixed in 4% (w/v) PFA in phosphate-buffered saline (PBS) for 2 minutes, and 

then the parasite/PFA suspension was diluted 10-fold in PBS. Samples were washed in 

PBS, and then blocked and permeabolized in PBS containing 5% (v/v) normal goat sera 

(Vector labs) and 0.1% (v/v) Triton-X-100 for 30 min (blocking buffer). Parasite nuclei 

were then stained with a pool of rabbit antibodies raised against L. major histones H2A, 

H2Avariant, H2B, H3, and H4 (pooled at a ratio of 3:2:3:3:1 by titer) and used at a dilution of 

1:750 in blocking buffer (Wong and Beverley, in preparation). T17 or T18 antibodies 

were diluted 1:400 in blocking buffer. After a one hour incubation in primary antibodies, 

unbound antibody was washed off in PBS and primary antibodies were detected with 

Alexafluor488 goat anti-mouse and Alexafluor555 goat anti-rabbit (Invitrogen, both used 

at a concentration of 2 μg ml−1). DNA was detected with Hoechst 33342 (Invitrogen, 

used at a concentration of 5 μg ml−1) for wide-field microscopy or TOPRO-3 (Invitrogen, 

used at a concentration of 2 μM) for confocal microscopy. After a 40 minute incubation, 

samples were washed with PBS and mounted in ProLong Gold (Invitrogen).  

In vitro “differentiated” parasites were were fixed in 4% (w/v) PFA in phosphate-

buffered saline (PBS) for 2 minutes, and then the parasite/PFA suspension was diluted 
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10-fold in PBS. Fixed parasites were then spun down and resuspended in PBS at a 

concentration of 8 X 106 parasites per milliliter. Parasites (4 X 106) were then adhered to 

glass cover slips by centrifugation. Blocking, permeabilization, and antibody staining was 

then performed as described above. 

Microscopy was performed on an Olympus AX-70 wide-field fluorescence microscope or 

a Zeiss 510 META confocal laser scanning microscope. Cutoffs for saturation and 

background levels were adjusted with Photoshop software (Adobe). 

Immuno-electron microscopy 

These studies were performed by Wandy Beatty in the Microbiology imaging facility. 

For immunolocalization by transmission electron microscopy, infected cells were fixed in 

4% paraformaldehyde/0.05% glutaraldehyde (Polysciences Inc., Warrington, PA) in 

100mM PIPES/0.5mM MgCl2, pH 7.2 for 1 hr at 4˚C.  Samples were infiltrated 

overnight in the cryoprotectant 2.3M sucrose/20% polyvinyl pyrrolidone in 

PIPES/MgCl2 at 4˚C. To permeabilize cells for antibody labeling samples were plunge-

frozen in liquid nitrogen and subsequently thawed in PBS at room temperature. This 

technique was confirmed to permeabilize the host cell membrane and intracellular 

organelle membranes. Samples were probed with the primary antibodies at 1:250 

dilutions followed by FluoroNanogold anti-mouse Fab (1:250; Nanoprobes, Yaphank, 

NY) and silver enhancement (Nanoprobes HQ silver enhancement kit). Samples were 

washed in phosphate buffer and post-fixed in 1% osmium tetroxide (Polysciences Inc., 

Warrington, PA) for 1 hr.  Samples were then rinsed extensively in dH20 prior to en bloc 

staining with 1% aqueous uranyl acetate (Ted Pella Inc., Redding, CA) for 1 hr. 
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Following several rinses in dH20, samples were dehydrated in a graded series of ethanol 

and embedded in Eponate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut with a 

Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc., Bannockburn, IL), stained 

with uranyl acetate and lead citrate, and viewed on a JEOL 1200 EX transmission 

electron microscope (JEOL USA Inc., Peabody, MA). All pre-labeling experiments were 

conducted in parallel with omission of the primary antibody. These controls were 

consistently negative at the concentration of Nanoprobes-conjugated secondary 

antibodies used in these studies. 
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Results and discussion 

T17 epitope localizes to the amastigote flagella and surface and is also found in vesicles 

within the host cell cytoplasm 

To determine the localization of the antigen recognized by mAB T17, we stained PEMs 

that had been infected for 72 hours with mAB T17, as well as antisera raised against L. 

major histone proteins to localize parasite nuclei, and with Hoechst 33342 to detect DNA 

(Figure 1A). The most intense T17 reactivity presented as a line at the parasites anterior 

end proceeding outward from the kinetoplast to the anterior pole of the cell. This staining 

pattern is consistent with mAB T17 recognizing the amastigote flagella, the length of 

which is almost entirely within the flagellar pocket (6). Less intense staining was also 

seen on the surface of amastigotes. This staining pattern was apparent on 91% of T17+ 

parasites scored (N = 222 parasites). As shown in Figure 1B and C, this localization 

pattern was also found by immuno-electron microscopy.  

Interestingly, mAB T17 reactivity was not limited to the parasite itself, but was also 

showed a punctate staining pattern within the cytoplasm of infected, but not uninfected, 

macrophages (Figure 2A). Immuno-electron microscopy images revealed that, in many 

cases, the T17 antigen was concentrated just outside the phagolysosomal membrane at 

the distal tip of the amastigote flagellum (Figure 2B) and was also found within 

membranous compartments further away from the parasite-containing phagolysosome 

(Figure 2C).  

In summary, these results suggest that the mAB T17 antigen localizes predominantly to 

the amastigote flagellum, and is somehow translocated to the parasite’s surface and out of 
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the phagolysosome. These data are provocative when considered in the context of two 

recent studies from other laboratories. First, Reiner’s laboratory has suggested that a 

number of Leishmania proteins are delivered to the host cell within ‘exosomes’, which 

could modulate immune responses by host cells (7, 8). One concern from these data is 

that the exosome composition when evaluated by proteomics is qualitatively similar to 

that of total Leishmania proteins, albeit with modest quantitative differences. Second, 

Gluenz et al (2010) have proposed the existence of a ‘flagellar’ synapse in the parasites  

orient their flagella such that the distal tip is in intimate contact with the phagolysosomal 

membrane (6). Connecting these results is the observation of exosomes budding off of the 

distal tip of Chlamydomonas flagella (9), suggesting a secretory role for this organelle. 

Potentially antigen T17 represents an example of a stage-specific parasite ‘cargo’ 

delivered by the flagellar route. This will be pursued in the future by the Beverley 

laboratory. 

T18 epitope localizes to amastigote surface and a novel structure at the parasite’s 

posterior pole 

Figure 3 shows the localization of the antigen recognized by mAB T18 on amastigotes. 

The parasite’s surface clearly is recognized by the antibody. In addition, most parasites 

(78%, N = 187) have a region of intense staining on their posterior end, which is defined 

as the end of the cell furthest from the kinetoplast DNA network (Figure 3A). 29% of 

these parasites have an additional region of staining located between the parasite nucleus 

and anterior pole (Figure 3B). In general, immunoEM studies yield results consistent with 

what is seen by fluorescence microscopy, with antibody labeling present on the parasite 

surface as well as labeling a ring of electron-dense material at the parasite’s posterior 
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pole (Figure 3C & D). However, the T18 reactivity detected between the anterior pole 

and the parasite nucleus that was seen by fluorescence microscopy was not detected by 

immunoEM studies. 

There are very few reports of organelles at the posterior end of L. major amastigotes. One 

candidate for the structure recognized by mAB T18 is the “megasome”, a lysosome-like 

organelle that has been described in New-World Leishmania species such as L. 

amazonensis. This organelle, which is found near the posterior end of these parasites, has 

been reported to degrade host MHC class II (10, 11). However, in electron micrographs, 

amastigote megasomes do not resemble the electron-dense rings seen in our images, and 

instead appear to be large, mostly open, vacuoles containing some electron dense material 

(10). Thus the structure/region recognized by T18 may define a cellular structure that has 

not been described previously. 

Efforts to identify T17 and T18 antigens 

The localization patterns of the antigens recognized by T17 and T18 are sufficiently 

interesting to warrant studies directed towards the identification of the molecules 

recognized by these antisera. One challenge is that Jaffe reported that these antisera do 

not identify parasite molecules in western blotting (2). He did show that they were able to 

immunoprecipitate several amastigote molecules, and from labeling studies inferred these 

were proteins (2). Another challenge is the generation of sufficient amastigote lysate for 

these studies, as isolation of lesion amastigotes from mice is costly, labor intensive, and 

often results in substantial contamination with molecules of host origin. Unfortunately, L. 

major does not give rise to culturable axenic amastigotes, despite efforts by our or other 
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laboratories.  Previous work and preliminary studies I performed suggest that these 

antibodies do not cross-react with amastigotes from other Leishmania species (2), 

precluding the use of ‘axenic’ amastigotes from species such as L. tropica, L. 

braziliensis, L. mexicana or L. donovani as a source of antigen. As such, an approach in 

which the expression of the T17 and T18 antigens could be expressed by parasites in the 

absence of host cells would be extremely beneficial.  

To simulate conditions under which L. major might differentiate into amastigotes, we 

diluted stationary-phase parasite cultures into commercially available RPMI. 24 hours 

later, 40-60% of the parasites presented an amastigote-like morphology (round with no 

visible flagella) and were reactive with T17 and T18 (Figure 4) and were “positive” for 

some of the other amastigote differentiation markers described in Chapter 2 (data not 

shown). Interestingly, the use of other media conditions which had previously be shown 

to successfully to induce other Leishmania species such as L. donovani to differentiate 

into amastigote-like forms and support their subsequent replication (11) was much less 

successful at inducing T17 and T18 reactivity. 

In collaboration with Igor Alameida’s lab at the University of Texas El Paso, these 

conditions are being employed to generate large batches of cells expressing the T17 and 

T18 antigens. Lysate from these parasites will be subjected to immunoprecipitations with 

the two monoclonal antisera with the ultimate goal of antigen identification by MS. If 

these experiments are successful, reverse genetic experiments will be conducted in our 

lab to generate parasites that are unable to synthesize the molecules recognized by T17 

and T18, which will be used as tools to help ascertain the function of these molecules in 

the parasite life cycle. 
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Figure legends 

Figure 1. Localization of T17 reactvitiy. A-C) PEMs that had been infected for 3 days 

with L. major were fixed as described in methods. A) Infected cells were stained with 

rabbit antisera that recognize parasite histones and mouse mAB T17. Primary antibodies 

were detected with Alexafluor488-conjugated anti-mouse antisera (green) and 

Alexaflour555-conjugated anti-rabbit antisera (red). DNA was stained with Hoechst 

33342 (blue). Images were captured using wide-field fluorescence microscopy, scale bar 

represents 2 µm. B-C) Immuno-electron micrograph of infected PEMs stained with mAB 

T17, in which T17-reactivity is indicated by silver granule deposition. Scale bar 

represents 0.5 µm. Abbreviations: N = parasite nucleus, K = kinetoplast, A = flagellar 

axoneme, P = posterior end. 

Figure 2. T17 reactivity is seen in the cytoplasm of infected host cells. A) Confocal 

micrograph of uninfected PEMs (left) or PEMs that had been infected for 3 days with L. 

major. Samples were stained to detect parasite histones (red), the T17 antigen (green), 

and DNA (blue). Bright green punctate staining is absent in uninfected PEMs, but present 

in some infected PEMs. B) T17 reactivity is primarily on parasite flagella, but also 

appears to exit phagolysosome and enter PEM cytoplasm at the flagellar distal tip. C) In 

this image, T17 reactivity is primarily on the parasite flagella and surface (upper left hand 

corner) but also within a membrane-bound compartment within PEM cytoplasm (arrow). 

Scale bar represents 0.5 µm. Abbreviations for B and C: N = parasite nucleus, K = 

kinetoplast, A = flagellar axoneme. 
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Figure 3 
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Figure 4 

 

 


