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Myeloid cells initiate immune responses and are crucial to control infections. In the 
case of retroviruses, however, myeloid cells also promote pathogenesis by enabling viral 
dissemination; a process extensively studied in  vitro using human immunodeficiency 
virus type 1 (HIV-1). This viral hijacking mechanism does not rely on productive myeloid 
cell infection but requires HIV-1 capture via Siglec-1/CD169, a receptor expressed on 
myeloid cells that facilitates the infection of bystander target cells. Murine retroviruses 
are also recognized by Siglec-1, and this interaction is required for robust retroviral 
infection in vivo. Yet, the relative contribution of Siglec-1-mediated viral dissemination to 
HIV-1 disease progression remains unclear. The identification of human null individuals 
lacking working copies of a particular gene enables studying how this loss affects dis-
ease progression. Moreover, it can reveal novel antiviral targets whose blockade might 
be therapeutically effective and safe, since finding null individuals in natura uncovers 
dispensable functions. We previously described a loss-of-function variant in SIGLEC-1. 
Analysis of a large cohort of HIV-1-infected individuals identified homozygous and het-
erozygous subjects, whose cells were functionally null or partially defective for Siglec-1 
activity in HIV-1 capture and transmission ex vivo. Nonetheless, analysis of the effect of 
Siglec-1 truncation on progression to AIDS was not conclusive due to the limited cohort 
size, the lack of complete clinical records, and the restriction to study only off-therapy 
periods. Here, we review how the study of loss-of-function variants might serve to 
illuminate the role of myeloid cells in viral pathogenesis in vivo and the challenges ahead.
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Antigen-presenting cells (APCs) of the myeloid lineage trigger innate and adaptive immune 
responses against invading viruses, thus modulating the outcome, progression, and clearance of 
infections (1, 2). Yet, chronic viral infections counteract several defenses orchestrated by APCs and 
exploit immunity to favor persistence. Infection caused by the human immunodeficiency virus type 

Abbreviations: APCs, antigen-presenting cells; HIV-1, human immunodeficiency virus type 1; MLV, murine leukemia virus.
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FiGUre 1 | Siglec-1-mediated retroviral trans-infection on distinct myeloid antigen-presenting cells (APCs). Human immunodeficiency virus type 1 (HIV-1) capture 
via Siglec-1 and subsequent transfer to target cells has been reported not only in human APCs derived in vitro but also in activated primary myeloid cells isolated ex 
vivo. In murine models, Siglec-1 retroviral trans-infection has been reported ex vivo, and most importantly, due to the extraordinary ability of Siglec-1 positive APCs 
to capture cell-free viruses from the lymphatic vessels at the edges of the lymphoid tissue and their capacity to transfer that infectivity to permissive lymphocytes, 
this mechanism has also been observed in vivo.
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I (HIV-1) is one of the best-studied examples to illustrate this 
paradox, where APCs act as a double-edged sword throughout 
the course of infection. Myeloid APCs (such as dendritic cells, 
monocytes, and macrophages) are not as susceptible to HIV-1 
infection as activated CD4+ T cells (3). This is likely due to host 
restriction factors such as SAMHD1 (4, 5) that restrict viral 
infection and decreases myeloid cell capacity for immune sens-
ing (6), limiting the onset of antiviral responses. However, HIV-1 
can exploit myeloid APC biology to reach and infect new target 
cells through a mechanism that does not rely on the productive 
infection of myeloid cells. This process was described in vitro at 
the early nineties by the laboratory of Dr. Ralph Steinman (7), 
who received the Nobel Prize for discovering dendritic cells. 
Despite decades of research though, there is no convincing 
in vivo evidence that demonstrates whether myeloid APCs play  
a critical role in HIV-1 disease progression.

Upon cellular activation, myeloid APCs can capture and 
store large numbers of HIV-1 particles (8–10), which are then 
efficiently transferred to bystander CD4+ T cells (7, 11, 12) via 
cell-to-cell interactions established as part of their immune 
surveillance routine. Throughout this process of retention and 
release of virus, HIV-1 exploits a mechanism by which APCs 
acquire antigens transported by extracellular secreted microvesi-
cles termed exosomes (13). The acquisition of exosomes by 
activated myeloid APCs contributes to antigen presentation to 
CD4+ T cells (14). This step helps to amplify adaptive immunity 
without the need for myeloid APCs to be in direct contact with 
the pathogen (15, 16). Retention of exosomes within intracel-
lular compartments might serve as an antigen depot to control 
and sustain adaptive immune responses. However, in the case 
of HIV-1, this internalization route retains infectious particles 
within protected dynamic compartments (17–19) from where 
viruses are efficiently transmitted across infectious synapses to 
susceptible lymphocytes (7, 11, 12).

This particular mode of HIV-1 transmission is known as 
trans-infection; a route that favors de novo infection of target cells 
under circumstances where the same dose of cell-free-viruses 
do not establish productive infection (11). Trans-infection is 

largely dependent on the expression of the sialic-acid binding 
I-type lectin receptor Siglec-1 (CD169 or Sialoadhesin) (20–22). 
Siglec-1 is an interferon inducible receptor constitutively 
expressed on myeloid cells (23), that is highly upregulated upon 
myeloid APC exposure to antiviral type I interferons (24, 25). 
Siglec-1 is a trans-membrane receptor with a long neck that 
protrudes beyond the glycocalyx of the cell and a terminal V-set 
domain with the ability to interact with sialylated ligands. While 
the affinity of Siglec-1 for sialic acid-containing molecules is 
low, avidity for clusters of sialylated molecules is high (23), 
allowing for the specific recognition of packaged gangliosides 
that expose sialyllactose moieties on the viral membrane  
(26, 27). Likewise, Siglec-1 captures exosomes via recognition 
of sialylated gangliosides packaged on the microvesicle mem-
brane (21), which assemble and bud from cellular membranes. 
Murine studies have also confirmed the capacity of Siglec-1 
expressed on lymphoid tissues to capture exosomes in vivo (28). 
Pioneering reports suggested that DC-SIGN, a C-type lectin 
expressed on immature DCs that patrol peripheral mucosae 
in search of invading pathogens, could capture HIV-1 early 
after viral invasion, travel to lymphoid tissues, and establish 
productive CD4+ T cell infection via trans-infection (11). While 
C-type lectins such as DC-SIGN recognize the viral envelope 
glycoprotein (11), capture of HIV-1 via Siglec-1 is independent 
of this interaction (10, 21). Siglec-1 viral uptake largely exceeds 
the capacity of C-type lectin receptors for HIV-1 capture (21), 
making this process much more infectious and underscoring 
novel scenarios within secondary lymphoid tissues in which 
Siglec-1 trans-infection could fuel viral dissemination.

The molecular pathways governing HIV-1 trans-infection 
via Siglec-1 on APCs have been described in vitro using both 
monocyte-derived APCs (20–22) and primary myeloid cells 
directly isolated from human tissues (25) (Figure 1). Another 
retrovirus, the murine leukemia virus (MLV), also contains 
sialylated gangliosides and is captured via Siglec-1 in  vitro 
(29). MLV exploits Siglec-1-mediated trans-infection of per-
missive lymphocytes to establish infection within secondary 
lymphoid tissues in mice (30) (Figure 1). However, the in vivo 
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contribution of Siglec-1 to HIV-1 disease progression remains 
largely unknown.

The lack of available animal models to study HIV-1 infection 
makes it challenging to investigate the role of Siglec-1 on HIV-1 
pathogenesis in  vivo. Humanized mouse models susceptible to 
HIV-1 infection are only established in a few laboratories, and 
how disease progression in these animals correlates with human 
pathogenesis needs further investigation. Primate models are 
also restricted to specific facilities and rely on the use of primate 
retroviruses that may not directly reflect the biology of HIV-1. 
Under these circumstances, finding naturally occurring human 
knockouts could be a good alternative to address the role of key 
receptors such as Siglec-1 under physiological settings of infec-
tion. A deletion in the gene that codes for the HIV-1 co-receptor 
CCR5, which is needed for acquisition of CCR5-tropic HIV-1, is 
one of the best-known examples of how a genetic variant alters 
the phenotype of infection (31). These types of variants have been 
observed for decades and have also been confirmed by large-scale 
genomic analysis (32). However, these large-scale analyses have 
not uncovered novel candidates that might influence HIV-1 
disease progression because the available sample sizes are not 
adequate to assess all possible classes of genetic variation, such as 
rare and low frequency polymorphisms.

The identification of individuals harboring rare, loss-of-
function genetic variants provides an opportunity to study gene 
function in vivo. Recently, large catalogs of sequenced human 
genomes have demonstrated that individuals carrying homozy-
gous loss-of-function variants, or natural human knockouts, can 
provide insight into genetic causes of disease and holds tremen-
dous potential for identifying drug targets (33). However, given 
their generally low frequency, such variants have gone largely 
undetected in large-scale genomic analyses. As an alternative 
strategy to identify genes involved in HIV-1 progression, we 
conducted a search for individuals lacking the expression of 
Siglec-1 receptor to study the natural course of HIV-1 infection 
in the absence of this particular receptor (34). We focused on 
two well-established cohorts of HIV-1 infected individuals that 
had been longitudinally followed for decades and had extensive 
clinical records. We identified two homozygous and almost a 
100 heterozygous subjects for a particular stop codon variant 
in the SIGLEC1 gene. This stop-gain allele is found at highest 
frequency in individuals of European and South Asian ancestry 
(1.3%) and is rare or absent in African and East Asian popula-
tions (0.5%). Ex vivo experiments confirmed that cells from 
these individuals were functionally null or partially defective 
for Siglec-1 expression and, consequently, lost their activity 
in HIV-1 capture and transmission in vitro. While the lack of 
Siglec-1 is likely to abrogate trans-infection, the classical HIV-1 
infection routes, including cell-free virus infection or cell-to-
cell HIV-1 transmission still operate in the absence of Siglec-1, 
explaining the observation of Siglec-1 null individuals that are 
HIV-1 infected. However, despite the lack of impact on suscepti-
bility, HIV-1 dissemination and disease progression in infected 
individuals with null or diminished Siglec-1 expression could be 
delayed compared with wild type individuals. Nonetheless, we 
did not observe an effect of Siglec-1 truncation on progression 
to AIDS.

Several challenges explain the lack of conclusive results in the 
study of Siglec-1 genetic variants (Figure 2). Power simulations 
indicate that analysis of a rare variant such as the Siglec-1 allele 
would require more than 10,000 individuals to detect a relative 
risk of 5 at P  <  0.05 under a recessive model—an effect that 
would be similar to the beneficial outcome of B*57:01 on HIV-1 
control (32, 35–37). This sample size far exceeds even the larg-
est genome-wide studies of HIV-1 progression that comprises 
~6,000 patients (38), which does not genotype the Siglec-1 stop 
variant and cannot be used to impute the presence of this rare 
allele. Given that the proposed effect requires long-term follow-
up off therapy, it is extremely unlikely that a sufficient sample 
size could be reached to assess the long-term consequences of the 
Siglec-1 stop variant on HIV-1 disease. Another limitation faced 
was the lack of seroconversion date for most of the individuals 
screened; a clinical record that is normally missing in most 
cohorts of HIV-1 infected individuals. Thus, disease progression 
was only followed from the date of diagnosis, which may differ 
between individuals, especially if they are protected by benefi-
cial phenotypes. Moreover, additional clinical data were missing 
from key individuals, even though we had focused on cohorts 
with exhaustive follow-up. Indeed, one of the homozygous indi-
viduals found had no clinical records for nine years, and infor-
mation only resumed after antiretroviral treatment initiation, 
when viral suppression abrogated any potential effect that the 
Siglec-1 variant might have had on disease progression. Since 
current clinical guidelines recommend treatment introduction 
early after HIV-1 diagnosis (39), in the near future this type of 
analyses will be restricted to retrospective cohorts, which fol-
lowed old recommendations and started treatment when CD4 
counts dropped below a certain threshold, offering a window of 
opportunity to monitor the natural course of infection. Finally, 
complexity also arises from the analysis of phenotypes that can 
be influenced by the infection of several pathogens at the same 
time. Indeed, one of the homozygous individuals for the rare 
Siglec-1 allele had a high CD4+ T cell count that dramatically 
dropped when tuberculosis was diagnosed. Lack of Siglec-1 
could have had a negative impact on the immune control of the 
mycobacterial infection, masking any putative beneficial effects 
caused during HIV-1 progression. Previous studies indicate that 
Siglec-1 expression on myeloid APCs has a role in combating 
sialylated bacteria (40, 41). Although sialylation of Mycobacteria 
has not been documented to our knowledge, direct interaction 
between Siglec-1 and Mycobacteria might not be required 
to impact antibacterial immunity. Alternatively, the lack of 
Siglec-1 on myeloid APCs could compromise antigen capture 
via exosome or microvesicle transfer and affect the control of 
the bacterial infection (42–45).

Overall, difficulties and questions faced throughout the 
study of Siglec-1 null individuals infected with HIV-1 illustrate 
the major challenges of the field of human knockout genetics 
applied to infectious diseases. We need to address the biological 
function of knockout genes of interest in vivo and the effect of a 
particular variant on health-related phenotypes (46). Variability 
in the observed phenotypes arises not only from the effect that 
other genetic variants might have on the gene of interest, but 
also from the exposure to particular environmental conditions, 
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FiGUre 2 | Challenges to interpret human knockout genetics in infectious diseases. The study of Siglec-1 null individuals infected with human immunodeficiency 
virus type 1 highlights the barriers to understand the in vivo role of human knockout genes. Limitations arises from: the need to study large cohorts that can be 
restricted to specific populations where the variant of interest has the highest frequency; the lack of critical clinical information even in cohorts with good follow-up; 
the introduction of therapies that unmask any putative effect of the studied variant; and the co-infection with additional pathogens that might influence the observed 
phenotype in the opposite direction from what is expected.

4

Martinez-Picado et al. Null Myeloid Cells and Retroviruses

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1593

including the co-occurrence of infections. Animal studies could 
help to dissect the contribution of these factors by creating the 
same genetic background and similar environmental condi-
tions in pathogen-free facilities, where co-infections could 
be experimentally controlled. Working with adequate animal 
models is, however, complex in the case of HIV-1. An interesting 
alternative to unambiguously test the potential contribution of 
myeloid APCs via Siglec-1 to HIV-1 disease progression could 
be to develop antiviral therapeutic agents against Siglec-1. The 
identification of Siglec-1 null individuals demonstrates that this 
protein is dispensable, and its therapeutic blockade is therefore 
expected not to cause serious side effects. Future work targeting 
Siglec-1 could provide conclusive evidence of the real contribu-
tion of myeloid APC to HIV-1 pathogenesis in vivo. If proven 
effective, this new family of antiviral agents against HIV-1 could 
also offer protection against other retroviral infections by mim-
icking the loss-of-function mutation found in SIGLEC1.

AUtHOr cONtriBUtiONs

JM-P, PM, AT, and NI-U designed the work, prepared the figures, 
reviewed bibliography, and prepared the manuscript. All the 
authors approved the final version.

AcKNOWLeDGMeNts

The authors are grateful to Dr. M. C. Puertas for critical reading 
of the manuscript. The authors would like to apologize to all those 
researchers whose work and contributions were not cited due to 
space limitations.

FUNDiNG

JM-P and NI-U are supported by the Spanish Secretariat of 
Science and Innovation through Grant SAF2016-80033-R.

reFereNces

1. Banchereau J, Steinman RM. Dendritic cells and the control of immunity. 
Nature (1998) 392:245–52. doi:10.1038/32588 

2. Steinman RM, Banchereau J. Taking dendritic cells into medicine. Nature 
(2007) 449:419–26. doi:10.1038/nature06175 

3. Wu L, KewalRamani VN. Dendritic-cell interactions with HIV: infection and 
viral dissemination. Nat Rev Immunol (2006) 6:859–68. doi:10.1038/nri1960 

4. Hrecka K, Hao C, Gierszewska M, Swanson SK, Kesik-Brodacka M,  
Srivastava S, et al. Vpx relieves inhibition of HIV-1 infection of macrophages 
mediated by the SAMHD1 protein. Nature (2011) 474:658–61. doi:10.1038/
nature10195 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/32588
https://doi.org/10.1038/nature06175
https://doi.org/10.1038/nri1960
https://doi.org/10.1038/nature10195
https://doi.org/10.1038/nature10195


5

Martinez-Picado et al. Null Myeloid Cells and Retroviruses

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1593

5. Laguette N, Sobhian B, Casartelli N, Ringeard M, Chable-Bessia C,  
Ségéral E, et al. SAMHD1 is the dendritic- and myeloid-cell-specific HIV-1 
restriction factor counteracted by Vpx. Nature (2011) 474:654–7. doi:10.1038/
nature10117 

6. Manel N, Hogstad B, Wang Y, Levy DE, Unutmaz D, Littman DR. A cryptic 
sensor for HIV-1 activates antiviral innate immunity in dendritic cells. Nature 
(2010) 467:214–7. doi:10.1038/nature09337 

7. Cameron PU, Freudenthal PS, Barker JM, Gezelter S, Inaba K, Steinman RM. 
Dendritic cells exposed to human immunodeficiency virus type-1 transmit 
a vigorous cytopathic infection to CD4+ T cells. Science (1992) 257:383–7. 
doi:10.1126/science.1352913 

8. Sanders RW, de Jong EC, Baldwin CE, Schuitemaker JHN, Kapsenberg ML, 
Berkhout B. Differential transmission of human immunodeficiency virus 
type 1 by distinct subsets of effector dendritic cells. J Virol (2002) 76:7812–21. 
doi:10.1128/JVI.76.15.7812-7821.2002 

9. Wang JH, Janas AM, Olson WJ, Wu L. Functionally distinct transmission of 
human immunodeficiency virus type 1 mediated by immature and mature 
dendritic cells. J Virol (2007) 81:8933–43. doi:10.1128/JVI.00878-07 

10. Izquierdo-Useros N, Blanco J, Erkizia I, Fernández-Figueras MT,  
Borràs FE, Naranjo-Gómez M, et al. Maturation of blood-derived dendritic 
cells enhances human immunodeficiency virus type 1 capture and transmis-
sion. J Virol (2007) 81:7559–70. doi:10.1128/JVI.02572-06 

11. Geijtenbeek TB, Kwon DS, Torensma R, van Vliet SJ, van Duijnhoven GC, 
Middel J, et  al. DC-SIGN, a dendritic cell-specific HIV-1-binding protein 
that enhances trans-infection of T cells. Cell (2000) 100:587–97. doi:10.1016/
S0092-8674(00)80694-7 

12. McDonald D, Wu L, Bohks SM, KewalRamani VN, Unutmaz D, Hope TJ.  
Recruitment of HIV and its receptors to dendritic cell-T cell junctions. Science 
(2003) 300:1295–7. doi:10.1126/science.1084238 

13. Izquierdo-Useros N, Naranjo-Gómez M, Archer J, Hatch SC, Erkizia I,  
Blanco J, et al. Capture and transfer of HIV-1 particles by mature dendritic 
cells converges with the exosome-dissemination pathway. Blood (2009) 
113:2732–41. doi:10.1182/blood-2008-05-158642 

14. Théry C, Duban L, Segura E, Véron P, Lantz O, Amigorena S. Indirect activa-
tion of naïve CD4+ T cells by dendritic cell-derived exosomes. Nat Immunol 
(2002) 3:1156–62. doi:10.1038/ni854 

15. Théry C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and 
function. Nat Rev Immunol (2002) 2:569–79. doi:10.1038/nri855 

16. Théry C, Ostrowski M, Segura E. Membrane vesicles as conveyors of immune 
responses. Nat Rev Immunol (2009) 9:581–93. doi:10.1038/nri2567 

17. Yu HJ, Reuter MA, McDonald D. HIV traffics through a specialized,  
surface-accessible intracellular compartment during trans-infection of T cells 
by mature dendritic cells. PLoS Pathog (2008) 4:e1000134. doi:10.1371/
journal.ppat.1000134 

18. Izquierdo-Useros N, Esteban O, Rodriguez-Plata MT, Erkizia I, Prado JG,  
Blanco J, et  al. Dynamic imaging of cell-free and cell-associated viral 
capture in mature dendritic cells. Traffic (2011) 12:1702–13. doi:10.1111/j. 
1600-0854.2011.01281.x 

19. Akiyama H, Ramirez NG, Gudheti MV, Gummuluru S. CD169-mediated 
trafficking of HIV to plasma membrane invaginations in dendritic cells 
attenuates efficacy of anti-gp120 broadly neutralizing antibodies. PLoS Pathog 
(2015) 11:e1004751. doi:10.1371/journal.ppat.1004751 

20. Rempel H, Calosing C, Sun B, Pulliam L. Sialoadhesin expressed on IFN-
induced monocytes binds HIV-1 and enhances infectivity. PLoS One (2008) 
3:e1967. doi:10.1371/journal.pone.0001967 

21. Izquierdo-Useros N, Lorizate M, Puertas MC, Rodriguez-Plata MT,  
Zangger N, Erikson E, et  al. Siglec-1 is a novel dendritic cell receptor that 
mediates HIV-1 trans-infection through recognition of viral membrane gan-
gliosides. PLoS Biol (2012) 10:e1001448. doi:10.1371/journal.pbio.1001448 

22. Puryear WB, Akiyama H, Geer SD, Ramirez NP, Yu X, Reinhard BM, et al. 
Interferon-inducible mechanism of dendritic cell-mediated HIV-1 dissem-
ination is dependent on Siglec-1/CD169. PLoS Pathog (2013) 9:e1003291. 
doi:10.1371/journal.ppat.1003291 

23. Crocker PR, Paulson JC, Varki A. Siglecs and their roles in the immune system. 
Nat Rev Immunol (2007) 7:255–66. doi:10.1038/nri2056 

24. van der Kuyl AC, van den Burg R, Zorgdrager F, Groot F, Berkhout B, 
Cornelissen M. Sialoadhesin (CD169) expression in CD14+ cells is upreg-
ulated early after HIV-1 infection and increases during disease progression. 
PLoS One (2007) 2:e257. doi:10.1371/journal.pone.0000257 

25. Pino M, Erkizia I, Benet S, Erikson E, Fernández-Figueras MT, Guerrero D, 
et al. HIV-1 immune activation induces Siglec-1 expression and enhances viral 
trans-infection in blood and tissue myeloid cells. Retrovirology (2015) 12:37. 
doi:10.1186/s12977-015-0160-x 

26. Izquierdo-Useros N, Lorizate M, Contreras F-X, Rodriguez-Plata MT, Glass B, 
Erkizia I, et al. Sialyllactose in viral membrane gangliosides is a novel molec-
ular recognition pattern for mature dendritic cell capture of HIV-1. PLoS Biol 
(2012) 10:e1001315. doi:10.1371/journal.pbio.1001315 

27. Puryear WB, Yu X, Ramirez NP, Reinhard BM, Gummuluru S. HIV-1 
incorporation of host-cell-derived glycosphingolipid GM3 allows for capture 
by mature dendritic cells. Proc Natl Acad Sci U S A (2012) 109:7475–80. 
doi:10.1073/pnas.1201104109 

28. Saunderson SC, Dunn AC, Crocker PR, McLellan AD. CD169 mediates the 
capture of exosomes in spleen and lymph node. Blood (2013) 123:208–16. 
doi:10.1182/blood-2013-03-489732 

29. Erikson E, Wratil PR, Frank M, Ambiel I, Pahnke K, Claveria MP, et al. Mouse 
Siglec-1 mediates trans-infection of surface-bound murine leukemia virus 
in a sialic acid N-acyl side chain-dependent manner. J Biol Chem (2015) 
290:27345–59. doi:10.1074/jbc.M115.681338 

30. Sewald X, Ladinsky MS, Uchil PD, Beloor J, Pi R, Herrmann C, et  al. 
Retroviruses use CD169-mediated trans-infection of permissive lymphocytes 
to establish infection. Science (2015) 350:563–7. doi:10.1126/science.aab2749 

31. Dean M, Carrington M, Winkler C, Huttley GA, Smith MW, Allikmets R, et al. 
Genetic restriction of HIV-1 infection and progression to AIDS by a deletion 
allele of the CKR5 structural gene. Hemophilia growth and development 
study, multicenter AIDS cohort study, multicenter hemophilia cohort study, 
San Francisco city cohort, ALIVE study. Science (1996) 273:1856–62. 

32. Fellay J, Shianna KV, Ge D, Colombo S, Ledergerber B, Weale M, et  al.  
A whole-genome association study of major determinants for host control of 
HIV-1. Science (2007) 317:944–7. doi:10.1126/science.1143767 

33. István B, di Iulio J, Venter JC, Telenti A. Human gene essentiality. Nat Rev 
Genet (2017). doi:10.1038/nrg.2017.75 

34. Martinez-Picado J, McLaren PJ, Erkizia I, Martin MP, Benet S, Rotger M, et al. 
Identification of Siglec-1 null individuals infected with HIV-1. Nat Commun 
(2016) 7:12412. doi:10.1038/ncomms12412 

35. Kaslow RA, Carrington M, Apple R, Park L, Muñoz A, Saah AJ, et al. Influence 
of combinations of human major histocompatibility complex genes on the 
course of HIV-1 infection. Nat Med (1996) 2:405–11. doi:10.1038/nm0496-405 

36. Fellay J, Ge D, Shianna KV, Colombo S, Ledergerber B, Cirulli ET, et  al. 
Common genetic variation and the control of HIV-1 in humans. PLoS Genet 
(2009) 5:e1000791. doi:10.1371/journal.pgen.1000791 

37. International HIV Controllers Study, Pereyra F, Jia X, McLaren PJ, Telenti A, 
de Bakker PI, et al. The major genetic determinants of HIV-1 control affect 
HLA class I peptide presentation. Science (2010) 330:1551–7. doi:10.1126/
science.1195271 

38. McLaren PJ, Coulonges C, Bartha I, Lenz TL, Deutsch AJ, Bashirova A, 
et al. Polymorphisms of large effect explain the majority of the host genetic 
contribution to variation of HIV-1 virus load. Proc Natl Acad Sci U S A (2015) 
112:14658–63. doi:10.1073/pnas.1514867112 

39. World Health Organization. Guidelines for Managing Advanced HIV Disease 
and Rapid Initiation of Antiretroviral Therapy. Geneva: World Health 
Organization (2017).

40. Klaas M, Oetke C, Lewis LE, Erwig LP, Heikema AP, Easton A, et  al. 
Sialoadhesin promotes rapid proinflammatory and type I IFN responses to 
a sialylated pathogen, Campylobacter jejuni. J Immunol (2012) 189:2414–22. 
doi:10.4049/jimmunol.1200776 

41. Jones C, Virji M, Crocker PR. Recognition of sialylated meningo-
coccal lipopolysaccharide by siglecs expressed on myeloid cells leads 
to enhanced bacterial uptake. Mol Microbiol (2003) 49:1213–25. 
doi:10.1046/j.1365-2958.2003.03634.x 

42. Bhatnagar S, Shinagawa K, Castellino FJ, Schorey JS. Exosomes released from 
macrophages infected with intracellular pathogens stimulate a proinflamma-
tory response in  vitro and in  vivo. Blood (2007) 110:3234–44. doi:10.1182/
blood-2007-03-079152 

43. Ramachandra L, Qu Y, Wang Y, Lewis CJ, Cobb BA, Takatsu K, et  al. 
Mycobacterium tuberculosis synergizes with ATP to induce release of 
microvesicles and exosomes containing major histocompatibility complex 
class II molecules capable of antigen presentation. Infect Immun (2010) 
78:5116–25. doi:10.1128/IAI.01089-09 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nature10117
https://doi.org/10.1038/nature10117
https://doi.org/10.1038/nature09337
https://doi.org/10.1126/science.1352913
https://doi.org/10.1128/JVI.76.15.7812-7821.2002
https://doi.org/10.1128/JVI.00878-07
https://doi.org/10.1128/JVI.02572-06
https://doi.org/10.1016/S0092-8674(00)80694-7
https://doi.org/10.1016/S0092-8674(00)80694-7
https://doi.org/10.1126/science.1084238
https://doi.org/10.1182/blood-2008-05-158642
https://doi.org/10.1038/ni854
https://doi.org/10.1038/nri855
https://doi.org/10.1038/nri2567
https://doi.org/10.1371/journal.ppat.1000134
https://doi.org/10.1371/journal.ppat.1000134
https://doi.org/10.1111/j.
1600-0854.2011.01281.x
https://doi.org/10.1111/j.
1600-0854.2011.01281.x
https://doi.org/10.1371/journal.ppat.1004751
https://doi.org/10.1371/journal.pone.0001967
https://doi.org/10.1371/journal.pbio.1001448
https://doi.org/10.1371/journal.ppat.1003291
https://doi.org/10.1038/nri2056
https://doi.org/10.1371/journal.pone.0000257
https://doi.org/10.1186/s12977-015-0160-x
https://doi.org/10.1371/journal.pbio.1001315
https://doi.org/10.1073/pnas.1201104109
https://doi.org/10.1182/blood-2013-03-489732
https://doi.org/10.1074/jbc.M115.681338
https://doi.org/10.1126/science.aab2749
https://doi.org/10.1126/science.1143767
https://doi.org/10.1038/nrg.2017.75
https://doi.org/10.1038/ncomms12412
https://doi.org/10.1038/nm0496-405
https://doi.org/10.1371/journal.pgen.1000791
https://doi.org/10.1126/science.1195271
https://doi.org/10.1126/science.1195271
https://doi.org/10.1073/pnas.1514867112
https://doi.org/10.4049/jimmunol.1200776
https://doi.org/10.1046/j.1365-2958.2003.03634.x
https://doi.org/10.1182/blood-2007-03-079152
https://doi.org/10.1182/blood-2007-03-079152
https://doi.org/10.1128/IAI.01089-09


6

Martinez-Picado et al. Null Myeloid Cells and Retroviruses

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1593

44. Singh PP, Smith VL, Karakousis PC, Schorey JS. Exosomes isolated from 
mycobacteria-infected mice or cultured macrophages can recruit and activate 
immune cells in vitro and in vivo. J Immunol (2012) 189:777–85. doi:10.4049/
jimmunol.1103638 

45. Cheng Y, Schorey JS. Exosomes carrying mycobacterial antigens can protect 
mice against Mycobacterium tuberculosis infection. Eur J Immunol (2013) 
43:3279–90. doi:10.1002/eji.201343727 

46. Narasimhan VM, Xue Y, Tyler-Smith C. Human knockout carriers: 
dead, diseased, healthy, or improved? Trends Mol Med (2016) 22:341–51. 
doi:10.1016/j.molmed.2016.02.006 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Martinez-Picado, McLaren, Telenti and Izquierdo-Useros. This 
is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums is 
permitted, provided the original author(s) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.1103638
https://doi.org/10.4049/jimmunol.1103638
https://doi.org/10.1002/eji.201343727
https://doi.org/10.1016/j.molmed.2016.02.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Retroviruses As Myeloid Cell Riders: What Natural Human Siglec-1 “Knockouts” Tell Us About Pathogenesis
	Author Contributions
	Acknowledgments
	Funding
	References


