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ABSTRACT Elsa N. Bou Ghanem works in the field of innate immune senescence,
inflammation, and host defense. In this mSphere of Influence article, she reflects on
how “Adenosine A2B receptor deficiency promotes host defenses against Gram-
negative bacterial pneumonia” by Barletta et al. (K. E. Barletta, R. E. Cagnina, M. D.
Burdick, J. Linden, and B. Mehrad, Am J Respir Crit Care Med 186:1044 –1050, 2012,
https://doi.org/10.1164/rccm.201204-0622OC) impacted her own work examining the
role of the extracellular adenosine pathway in neutrophil responses and host defense
against pneumococcal pneumonia.
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It is a truth universally acknowledged that successful host defense balances inflam-
matory responses to clear invading pathogens with a return to homeostasis to avoid

tissue injury (1, 2). Extracellular adenosine is a well-known regulator of inflammation
that is produced in the extracellular environment as a breakdown product of ATP
released from injured cells by the sequential action of two extracellular enzymes, CD39
and CD73 (3). Extracellular adenosine can signal via four G-protein-coupled receptors,
A1, A2A, A2B, and A3, which are ubiquitously expressed on host cells (3). Although very
well studied in tissue injury models (3), the role of adenosine in host defense against
pathogens was not well explored until fairly recently (4). In a 2012 study titled
“Adenosine A2B receptor deficiency promotes host defenses against Gram-negative
bacterial pneumonia,” Barletta and colleagues explored the role of A2B receptor in host
defense against Klebsiella pneumoniae lung infection (5). They found that signaling via
the A2B receptor impaired host resistance by impairing neutrophil antibacterial activity.

To address the role of A2B in host defense, the authors used a mouse model of K.
pneumoniae lung infection. They found that lack of A2B increased host survival follow-
ing infection, which was attributed to a better ability to control pulmonary bacterial
numbers and limit systemic spread of the infection. In exploring mechanisms, they
found that A2B expression on hematopoietic cells was detrimental to the host. As A2B
is known to be expressed on neutrophils and to regulate their influx into the airspace,
the authors examined pulmonary neutrophil influx following infection but surprisingly
found no significant difference in the recruitment of these cells to the lungs. Interest-
ingly, A2B�/� neutrophils were much better at killing K. pneumoniae than wild-type
neutrophils due to their increased ability to form neutrophil extracellular traps (NETs).
These findings were in contrast to acute lung injury models where A2B protected the
host by modulating neutrophil recruitment (6–10), highlighting that pathogens change
the dynamics of the immune response and that the role of the adenosine pathway may
differ in sterile injury from that in the context of infection.

This paper came out at the beginning of my postdoctoral training and really shaped
the questions and projects I would go on to pursue. At the time, I was working on the
age-driven decline in host defense against Streptococcus pneumoniae (pneumococcus)
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(11), which remains the leading cause of community-acquired pneumonia in the elderly
(12). I was focused on the role of neutrophils and what controls their recruitment and
function during pneumococcal pneumonia and how that changes with aging. When
this paper came out exploring a pathway that controlled neutrophil responses during
bacterial pneumonia, it grabbed my attention. I remember thinking “what is extracel-
lular adenosine?” After delving into the literature, I found that this was a well-
established regulator of inflammation that had been thoroughly explored in hypoxia-
induced lung injury among several other tissue injury models (13, 14) and is thought to
mediate its effect by targeting leukocyte recruitment (15). Importantly, there were
pharmacological inhibitors and agonists of the different enzymes and receptors with
some of them in consideration for clinical use, which made this pathway very attractive
to study (16). Surprisingly, the role of this pathway in lung infections was underchar-
acterized, so I tested the effect of pharmacologically blocking CD73, the enzyme
required for extracellular adenosine production, on host defense against S. pneu-
moniae using a murine lung infection model. I was thrilled when I found that
inhibiting CD73 resulted in more than a thousandfold increase in bacterial burdens
in the lungs of mice. And so, a new project was born. We went on to find that
extracellular adenosine production and signaling were crucial for host defense
against pneumococcal pneumonia and that they were required for both resolution
of pulmonary neutrophil influx and the antipneumococcal function of these im-
mune cells (17). On the surface, adenosine seems to play opposing roles in
pneumococcal pneumonia versus K. pneumoniae lung infection (5). However, ex-
tracellular adenosine is recognized by four different G-protein-coupled receptors
that can inhibit or increase production of cAMP, are known to have opposing
functions leading to enhanced or diminished acute inflammation, and can boost or
blunt neutrophil antimicrobial responses (18). As adenosine receptors have various
affinities to their ligand, work in my lab is exploring the hypothesis that these
receptors have a time-dependent role in infection where at the onset of S. pneu-
moniae infection and resulting tissue damage, a moderate rise in extracellular
adenosine results in selective engagement of the high-affinity receptors A1 and/or
A3 mediating host protection, while continued damage and adenosine buildup
later on stimulate the lower-affinity A2A and/or A2B receptors.

Around the time that the K. pneumoniae paper came out and following that, several
papers exploring the role of the extracellular adenosine pathway in pulmonary infec-
tions were published. These include studies elucidating the role of CD73 and A1 in
influenza A virus infection (19, 20), the role of CD73 during Mycobacterium tuberculosis
infection (21), the role of CD73 in S. pneumoniae infections (17, 22), and the role of CD39
in Pseudomonas aeruginosa infection (23). In most of the above studies, extracellular
adenosine modulated pathogen clearance and/or lung damage by controlling the
recruitment of leukocytes and/or regulating their antimicrobial functions. The effect of
adenosine during infection seems to be organ and adenosine receptor specific, either
boosting or impairing host defense (4). In conclusion, it is now better appreciated that
the extracellular adenosine pathway plays a major role in shaping the outcome of
infections, and for our group, work by Barletta et al. paved the way for exploring the
role of this pathway during bacterial pneumonia.

ACKNOWLEDGMENTS
Research reported in this publication was supported by the National Institute on

Aging of the National Institutes of Health award number R00AG051784.
The content is solely the responsibility of the authors and does not necessarily

represent the official views of the National Institutes of Health.

REFERENCES
1. Hakansson AP, Orihuela CJ, Bogaert D. 2018. Bacterial-host interactions:

physiology and pathophysiology of respiratory infection. Physiol Rev
98:781– 811. https://doi.org/10.1152/physrev.00040.2016.

2. Hall CHT, Campbell EL, Colgan SP. 2017. Neutrophils as components of
mucosal homeostasis. Cell Mol Gastroenterol Hepatol 4:329 –337.
https://doi.org/10.1016/j.jcmgh.2017.07.001.

Commentary

July/August 2019 Volume 4 Issue 4 e00326-19 msphere.asm.org 2

https://doi.org/10.1152/physrev.00040.2016
https://doi.org/10.1016/j.jcmgh.2017.07.001
https://msphere.asm.org


3. Hasko G, Linden J, Cronstein B, Pacher P. 2008. Adenosine receptors:
therapeutic aspects for inflammatory and immune diseases. Nat Rev
Drug Discov 7:759 –770. https://doi.org/10.1038/nrd2638.

4. Lee JS, Yilmaz O. 2018. Unfolding role of a danger molecule adenosine
signaling in modulation of microbial infection and host cell response. Int
J Mol Sci 19:E199. https://doi.org/10.3390/ijms19010199.

5. Barletta KE, Cagnina RE, Burdick MD, Linden J, Mehrad B. 2012. Adeno-
sine A2B receptor deficiency promotes host defenses against Gram-
negative bacterial pneumonia. Am J Respir Crit Care Med 186:
1044 –1050. https://doi.org/10.1164/rccm.201204-0622OC.

6. Konrad FM, Witte E, Vollmer I, Stark S, Reutershan J. 2012. Adenosine
receptor A2b on hematopoietic cells mediates LPS-induced migration of
PMNs into the lung interstitium. Am J Physiol Lung Cell Mol Physiol
303:L425–L438. https://doi.org/10.1152/ajplung.00387.2011.

7. Schingnitz U, Hartmann K, Macmanus CF, Eckle T, Zug S, Colgan SP,
Eltzschig HK. 2010. Signaling through the A2B adenosine receptor
dampens endotoxin-induced acute lung injury. J Immunol 184:
5271–5279. https://doi.org/10.4049/jimmunol.0903035.

8. Eckle T, Grenz A, Laucher S, Eltzschig HK. 2008. A2B adenosine receptor
signaling attenuates acute lung injury by enhancing alveolar fluid clear-
ance in mice. J Clin Invest 118:3301–3315. https://doi.org/10.1172/
JCI34203.

9. Eckle T, Faigle M, Grenz A, Laucher S, Thompson LF, Eltzschig HK. 2008.
A2B adenosine receptor dampens hypoxia-induced vascular leak. Blood
111:2024 –2035. https://doi.org/10.1182/blood-2007-10-117044.

10. Zhou Y, Schneider DJ, Morschl E, Song L, Pedroza M, Karmouty-Quintana
H, Le T, Sun CX, Blackburn MR. 2011. Distinct roles for the A2B adenosine
receptor in acute and chronic stages of bleomycin-induced lung injury.
J Immunol 186:1097–1106. https://doi.org/10.4049/jimmunol.1002907.

11. Bou Ghanem EN, Clark S, Du X, Wu D, Camilli A, Leong JM, Meydani SN.
2015. The alpha-tocopherol form of vitamin E reverses age-associated
susceptibility to Streptococcus pneumoniae lung infection by modulat-
ing pulmonary neutrophil recruitment. J Immunol 194:1090 –1099.
https://doi.org/10.4049/jimmunol.1402401.

12. Chong CP, Street PR. 2008. Pneumonia in the elderly: a review of the
epidemiology, pathogenesis, microbiology, and clinical features. South
Med J 101:1141–1145. https://doi.org/10.1097/SMJ.0b013e318181d5b5.

13. Thompson LF, Eltzschig HK, Ibla JC, Van De Wiele CJ, Resta R, Morote-
Garcia JC, Colgan SP. 2004. Crucial role for ecto-5=-nucleotidase (CD73)

in vascular leakage during hypoxia. J Exp Med 200:1395–1405. https://
doi.org/10.1084/jem.20040915.

14. Eltzschig HK. 2009. Adenosine: an old drug newly discovered. Anesthe-
siology 111:904 –915. https://doi.org/10.1097/ALN.0b013e3181b060f2.

15. Ferrari D, McNamee EN, Idzko M, Gambari R, Eltzschig HK. 2016. Puri-
nergic signaling during immune cell trafficking. Trends Immunol 37:
399 – 411. https://doi.org/10.1016/j.it.2016.04.004.

16. Chen JF, Eltzschig HK, Fredholm BB. 2013. Adenosine receptors as drug
targets—what are the challenges? Nat Rev Drug Discov 12:265–286.
https://doi.org/10.1038/nrd3955.

17. Bou Ghanem EN, Clark S, Roggensack SE, McIver SR, Alcaide P, Haydon
PG, Leong JM. 2015. Extracellular adenosine protects against Strepto-
coccus pneumoniae lung infection by regulating pulmonary neutrophil
recruitment. PLoS Pathog 11:e1005126. https://doi.org/10.1371/journal
.ppat.1005126.

18. Barletta KE, Ley K, Mehrad B. 2012. Regulation of neutrophil function by
adenosine. Arterioscler Thromb Vasc Biol 32:856 – 864. https://doi.org/
10.1161/ATVBAHA.111.226845.

19. Aeffner F, Woods PS, Davis IC. 2014. Activation of A1-adenosine recep-
tors promotes leukocyte recruitment to the lung and attenuates acute
lung injury in mice infected with influenza A/WSN/33 (H1N1) virus. J
Virol 88:10214 –10227. https://doi.org/10.1128/JVI.01068-14.

20. Aeffner F, Woods PS, Davis IC. 2015. Ecto-5=-nucleotidase CD73 modu-
lates the innate immune response to influenza infection but is not
required for development of influenza-induced acute lung injury. Am J
Physiol Lung Cell Mol Physiol 309:L1313–L1322. https://doi.org/10.1152/
ajplung.00130.2015.

21. Petit-Jentreau L, Jouvion G, Charles P, Majlessi L, Gicquel B, Tailleux L.
2015. Ecto-5=-nucleotidase (CD73) deficiency in Mycobacterium
tuberculosis-infected mice enhances neutrophil recruitment. Infect Im-
mun 83:3666 –3674. https://doi.org/10.1128/IAI.00418-15.

22. Bajgar A, Dolezal T. 2018. Extracellular adenosine modulates host-
pathogen interactions through regulation of systemic metabolism dur-
ing immune response in Drosophila. PLoS Pathog 14:e1007022. https://
doi.org/10.1371/journal.ppat.1007022.

23. Theatre E, Frederix K, Guilmain W, Delierneux C, Lecut C, Bettendorff L,
Bours V, Oury C. 2012. Overexpression of CD39 in mouse airways pro-
motes bacteria-induced inflammation. J Immunol 189:1966 –1974.
https://doi.org/10.4049/jimmunol.1102600.

Commentary

July/August 2019 Volume 4 Issue 4 e00326-19 msphere.asm.org 3

https://doi.org/10.1038/nrd2638
https://doi.org/10.3390/ijms19010199
https://doi.org/10.1164/rccm.201204-0622OC
https://doi.org/10.1152/ajplung.00387.2011
https://doi.org/10.4049/jimmunol.0903035
https://doi.org/10.1172/JCI34203
https://doi.org/10.1172/JCI34203
https://doi.org/10.1182/blood-2007-10-117044
https://doi.org/10.4049/jimmunol.1002907
https://doi.org/10.4049/jimmunol.1402401
https://doi.org/10.1097/SMJ.0b013e318181d5b5
https://doi.org/10.1084/jem.20040915
https://doi.org/10.1084/jem.20040915
https://doi.org/10.1097/ALN.0b013e3181b060f2
https://doi.org/10.1016/j.it.2016.04.004
https://doi.org/10.1038/nrd3955
https://doi.org/10.1371/journal.ppat.1005126
https://doi.org/10.1371/journal.ppat.1005126
https://doi.org/10.1161/ATVBAHA.111.226845
https://doi.org/10.1161/ATVBAHA.111.226845
https://doi.org/10.1128/JVI.01068-14
https://doi.org/10.1152/ajplung.00130.2015
https://doi.org/10.1152/ajplung.00130.2015
https://doi.org/10.1128/IAI.00418-15
https://doi.org/10.1371/journal.ppat.1007022
https://doi.org/10.1371/journal.ppat.1007022
https://doi.org/10.4049/jimmunol.1102600
https://msphere.asm.org

	mSphere of Influence: Adenosine in Host Defense against Bacterial Pneumonia—Friend or Foe?
	ACKNOWLEDGMENTS


