
April 2018 | Volume 9 | Article 7101

Original research
published: 09 April 2018

doi: 10.3389/fimmu.2018.00710

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Geanncarlo Lugo-Villarino,  

UMR5089 Institut de Pharmacologie 
et de Biologie Structurale (IPBS), 

France

Reviewed by: 
David H. Walker,  

University of Texas Medical Branch, 
United States  

Krzysztof Tomasiewicz,  
Medical University of Lublin, Poland

*Correspondence:
Diana G. Scorpio 

diana.scorpio@nih.gov

Specialty section: 
This article was submitted to 

Microbial Immunology,  
a section of the journal  

Frontiers in Immunology

Received: 06 October 2017
Accepted: 22 March 2018

Published: 09 April 2018

Citation: 
Scorpio DG, Choi KS and Dumler JS 
(2018) Anaplasma phagocytophilum-

Related Defects in CD8, NKT, and NK 
Lymphocyte Cytotoxicity. 

Front. Immunol. 9:710. 
doi: 10.3389/fimmu.2018.00710

Anaplasma phagocytophilum-
related Defects in cD8, nKT,  
and nK lymphocyte cytotoxicity
Diana G. Scorpio1*, Kyoung-Seong Choi2 and J. Stephen Dumler3

1 Vaccine Research Center, National Institutes of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD, 
United States, 2 College of Ecology and Environmental Science, Kyungpook National University, Sangju, South Korea, 
3 Department of Pathology, Uniformed Services University of the Health Sciences, Bethesda, MD, United States

Human granulocytic anaplasmosis, caused by the tick-transmitted Anaplasma phago-
cytophilum, is not controlled by innate immunity, and induces a proinflammatory dis-
ease state with innate immune cell activation. In A. phagocytophilum murine infection 
models, hepatic injury occurs with production of IFNγ thought to be derived from NK, 
NKT  cells, and CD8 T  lymphocytes. Specific A. phagocytophilum ligands that drive 
inflammation and disease are not known, but suggest a clinical and pathophysiologic 
basis strikingly like macrophage activation syndrome (MAS) and hemophagocytic 
syndrome (HPS). We studied in vivo responses of NK, NKT, and CD8 T lymphocytes 
from infected animals for correlates of lymphocyte-mediated cytotoxicity and examined 
in vitro interactions with A. phagocytophilum-loaded antigen-presenting cells (APCs). 
Murine splenocytes were examined and found deficient in cytotoxicity as determined 
by CD107a expression in vitro for specific CTL effector subsets as determined by flow 
cytometry. Moreover, A. phagocytophilum-loaded APCs did not lead to IFNγ production 
among CTLs in vitro. These findings support the concept of impaired cytotoxicity with 
A. phagocytophilum presentation by APCs that express MHC class I and that interact 
with innate and adaptive immune cells with or after infection. The findings strengthen 
the concept of an enhanced proinflammatory phenotype, such as MAS and HPS dis-
ease states as the basis of disease and severity with A. phagocytophilum infection, and 
perhaps by other obligate intracellular bacteria.

Keywords: Anaplasma phagocytophilum, cytotoxic lymphocyte, cD107a, cytotoxicity, cD8 T cells, nKT cells, nK 
cells, Mhci

inTrODUcTiOn

Human granulocytic anaplasmosis, caused by the tick-transmitted Anaplasma phagocytophilum, is 
the third most common human vector-borne infection in the U.S., where 1% die and 7% require ICU 
admission (1–3). A. phagocytophilum is not controlled by innate immunity, but induction of a proin-
flammatory disease state occurs with innate immune cell activation via TLR2 and the inflammasome 
to achieve STAT1-mediated IFNγ and NF-κB-mediated proinflammatory gene transcription (4–8). 
As a result, infection in humans and in animal models leads to a macrophage activation syndrome 
(MAS) where severity is related to high serum levels of IFNγ, IL-10, IL-12, and ferritin (9–12).
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In A. phagocytophilum murine infection models, inflammatory 
hepatic histopathologic injury is abrogated in Ifng−/− and enhanced 
in Il10−/− animals, confirming an important role for IFNγ in 
driving tissue injury (5, 6, 9, 10, 13). Key candidates for produc-
tion of IFNγ include the innate immune NK and NKT cells, but 
also include CD8 T lymphocytes as adaptive immune responses 
mature. NK, NKT, and CD8 T lymphocytes react to fundamentally 
distinct ligands, microbe-associated molecules, or other signals 
(14–16). TLR2-activation implies a role for A. phagocytophilum 
lipoproteins as a ligand, and induction of the inflammasome via 
NLRC4 relates to endogenous host cell eicosanoid production 
following infection. However, the specific A. phagocytophilum 
ligands that drive inflammation and disease are not known (4, 
17). Regardless, these observations secure an inflammatory basis 
for A. phagocytophilum-induced septic or toxic shock-like mani-
festations and imply that severity has its pathophysiologic basis in 
MAS and hemophagocytic syndrome (HPS) (11, 18).

MAS and HPS are related disorders that have either a genetic 
basis or an infectious trigger. Both are cytokine-driven diseases 
characterized by progressive fever, shock, organ failure, pancyto-
penia, liver dysfunction, and coagulopathy, and usually attributed 
to excessive IFNγ production (19, 20). Genetic forms of HPS result 
from mutations of genes encoding proteins involved in signaling 
perforin or granzyme delivery for cytolysis of target cells resulting 
in impaired cytotoxic lymphocyte (CTL) function, often among 
NK cells. Similarly, infection-associated HPS is characterized by 
defects in CTLs, either by NK cell lymphopenia, or NK cell defects 
in perforin delivery, although HPS has been observed in humans 
and animal models with defects in CD8 T cells as well (21). The 
explanation for the relentless progression with HPS and MAS 
is that the antigen-presenting cell (APC)-cytotoxic cell synapse 
through TCR–MHC class I interaction results in activation of the 
CTL and production of IL-12, IL-18, IL-15, and IL-2, resulting in 
lymphoproliferation and IFNγ generation (19, 20). IFNγ activates 
macrophage effector production (nitric oxide, reactive oxygen 
species, TNFα, phagocytosis). However, the inability of CTLs to 
deliver perforin to the APC presenting a cognate ligand frees the 
cascade from regulation, exacerbating disease due to unremitting 
cytokine stimulation (22).

Recent studies provide evidence that the signaling pathways 
generating the key functions for this response are distinct, pro-
viding a framework for understanding the dichotomy of hypercy-
tokinemia without cytotoxicity (20, 23). To better understand the 
nature of MAS/HPS induced by A. phagocytophilum infection, 
we studied in vivo and in vitro responses of NK, NKT, and CD8 
T lymphocytes from infected animals to determine if their inter-
actions with A. phagocytophilum-loaded APCs results in delivery 
of cytotoxic cargo dissociated from intracellular production of 
IFNγ.

MaTerials anD MeThODs

In Vitro cell line and A. phagocytophilum 
culture
The promyelocytic leukemia HL-60 cell line (ATCC CCL-240) 
was used as a host for A. phagocytophilum growth. HL-60 cells 

were grown in RPMI 1640 medium (Invitrogen, USA) containing 
5–10% FBS in a humidified incubator at 37°C with 5% CO2. Cell 
density was kept <5 × 105 cells/mL by diluting with fresh medium 
every 3 days.

animals and immunophenotyping
Naïve C57BL/6 mice at 6–8 weeks of age (Jackson Labs, Bar 
Harbor, ME, USA) were inoculated IP with 106 A. phagocy-
tophilum Webster strain-infected HL-60 cells. CD1d−/− ani-
mals on a C57BL/6 background used in the studies of NK cells 
were kind gifts from Albert Bendelac (University of Chicago) 
and Luc Van Kaer (Vanderbilt University). Mock-infected 
animals were inoculated with uninfected HL-60 cells. This 
inoculation reproducibly generates infection by days 2–4 and 
up to day 14, and IFNγ production peaks between days 4 and 
10 p.i. To generate immune mice for CD8 T-cell experiments, 
mice were treated on day 14 with doxycycline (5 mg/kg PO 
q12h) for 7 days followed by 7 days with no treatment to allow 
drug clearance; on day 28, splenocytes were harvested and 
tested by PCR to exclude infection (24). Mice were euthanized 
following CO2 exposure. All animal studies were reviewed 
and approved by the Johns Hopkins University Institutional 
Animal Care and Use committee. All mice were housed 
and cared for following the “Guide for the Care and Use of 
Laboratory Animals” (25).

Ex Vivo experiments to identify cytotoxic 
cTl activation
C57BL/6 mice were inoculated i.p. with A. phagocytophilum-
infected HL-60 cells or mock-infected by uninfected HL-60 
cells as described above. For evaluation of in vivo activation 
of cytotoxicity for CD8 T lymphocytes and NKT cells, sple-
nocytes were harvested at 4 h, and days 4, 7, 10, and 14 p.i., 
and processed for flow cytometry. Spleens from individual 
mice were minced to obtain single-cell suspensions, washed 
and erythrocytes lysed in a hypotonic salt solution, and 
then resuspended in RPMI 1640 medium with 10% FBS and 
1× penicillin/streptomycin. Single-cell suspensions were 
stained for 20  min on ice using antibodies to CD107a (BD 
Biosciences) and (i) for CD8 CTLs using anti-CD3ε (BD 
Biosciences) and R-PE-conjugated anti-CD8a (Ly-2) (BD 
Biosciences), or (ii) for NKT cells using α-galactosylceramide 
(αGC)-loaded CD1d:Ig dimers (Mouse DimerX, BD 
Biosciences). All studies also used isotype-matched control 
antibodies (BD Biosciences). The stained cells were washed 
twice with phosphate-buffered saline containing 0.5% bovine 
serum albumin (Sigma, St. Louis, MO, USA) and 0.02% NaN3, 
washed again, and fixed. Cells were examined by multicolor 
flow cytometry comparing the proportion of splenocytes 
expressing each marker among infected and uninfected 
animals. Data were analyzed with FlowJo software (Tree Star, 
Ashland, OR, USA), and gates and fluorescent cutoffs were set 
based on isotype-matched control antibodies. Stained cells 
were initially gated to identify lymphocyte populations which 
were then quantified by flow cytometry per quadrant for 2 by 
2 fluorescent cell markers.
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cell Preparations for In Vitro 
Determination of cTl cytotoxicity by 
cD107a expression
For these experiments, donor mice were used as source of 
splenic CD8 T, NKT, or NK lymphocytes; immune CD8 splenic 
T lymphocytes were harvested from immune animals prepared 
as described above and prepared as single-cell suspensions (26). 
Splenocytes were also obtained as sources of dendritic cells 
(DCs) and APCs, including from C57BL/6 and CD1d−/− mice 
as appropriate. DCs (Miltenyi Mouse DC Isolation, Auburn, 
CA, USA) or APCs from C57BL/6 mouse spleens (27) were 
loaded with viable cell-free A. phagocytophilum for 24–48  h; 
cell-free bacteria were removed by centrifugation and wash-
ing. Splenocytes that included unfractionated CTLs from 
naïve and immune animals were added to 96-well plates with  
A. phagocytophilum-loaded (or mock-loaded) DCs in effector: 
target ratios from 0.1:1 to 5:1 and anti-CD107a-FITC or isotype 
control antibodies (BD Biosciences) for 24–48 h. After multicolor 
flow cytometry to identify CD3+/CD8+, CD49b+ (in CD1d−/− ani-
mals to preclude NKT cell responses), or CD3+/Vα14+ lympho-
cytes that also express the cytotoxicity marker CD107a, groups 
were compared to controls to demonstrate intact CTL functions.

Positive controls included concanavalin A (ConA), phorbol-
12-myristate-13-acetate (PMA; CD8 T and NKT lymphocytes), 
α-galactosylceramide (αGalCer; NKT  lymphocytes), or N-α-
Palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-l-cysteine 
(Pam3Cys; NK cells); PMA/ionomycin were included in assays 
as positive control for intracellular IFNγ production, and nega-
tive controls received diluent vehicle only. For NKT analyses, 
controls included mock-loaded and αGalCer-loaded DCs, as 
well as stimulation by PMA/ionomycin. For NK  cell analyses, 
controls included mock-loaded DCs, the TLR2 agonist Pam3Cys, 
and PMA/ionomycin. Splenocyte cultures from naïve or 
immune animals were incubated with DCs for 1 h at 37°C, and 
then received brefeldin A to facilitate intracellular IFNγ detec-
tion. Cells were washed, saponin permeabilized, and stained 
with fluorescent anti-IFNγ, anti-CD3, anti-CD8, anti-CD49b 
(pan-NK cell marker), anti-Vα14 (NKT cell marker) or isotype-
matched control antibodies, washed again, and fixed. The cells 
of interest were identified by multicolor flow cytometry, as 
previously described (8, 26). Expression of CD107a and intracel-
lular IFNγ were examined and reported as a percentage of total 
cells analyzed for the subset examined (CD3+/CD8+, CD3+/
Vα14+, CD3−/CD49b+). This allowed simultaneous evaluation 
of three cytotoxic cell subsets and their independent expression 
of cytokines and activation for cytotoxicity. Experiments were 
conducted in at least triplicate, and final data were also pooled 
for more detailed examination.

statistical analysis
Comparisons were performed across all groups within each CTL 
experiment. Expression of CD107a or IFNγ was examined and 
if not normally distributed, results were ranked (using percent 
rank) and examined by two-tailed Mann–Whitney tests with 
an α-value of 0.05. Results were analyzed individually in at least 
three repeated experiments for each condition, and the final 

ranked results were pooled for an overall statistical analysis using 
the same methods. Results reported reflect the relative cytotox-
icity (CD107a expression) and intracellular IFNγ production 
comparing responses of CTLs to A. phagocytophilum-loaded 
or mock-loaded DCs. Results were considered significant if the 
p-value was less than 0.05.

resUlTs

A. phagocytophilum infection suppresses 
cD8 T lymphocyte and nKT lymphocyte 
cytotoxicity In Vivo
We used expression of CD107a as a surrogate measure of 
degranulation and cytotoxicity after exposure to APCs present-
ing appropriate peptides or NKT-target glycolipids. When sple-
nocytes were gated to identify the proportions of CD3+/CD8+ 
T  lymphocytes also expressing CD107a, there was an increase 
from days 0 to 14 for both infected and mock-infected mice. 
For each of days 0–10, expression of CD107a on CD3+/CD8+ 
T cells from uninfected HL-60 cell (mock) controls was higher 
than that observed for cells from infected animals, although the 
results were not significant. However, on day 14 p.i., the increase 
in cytotoxicity (CD107a expression) among cells from mock-
infected animals was more exaggerated but not significantly 
higher (p = 0.056, Mann–Whitney test) than observed among 
cells from infected animals (Figure  1A). Similarly, CD107a 
expression on NKT  cells was generally unchanged among 
infected animals over the 14-day experiment, whereas control 
mice who received uninfected HL-60 cells, a xenogeneic cell 
line anticipated to stimulate cytotoxic responses, demonstrated 
a slow increase in CD8 and NK T  lymphocyte cytotoxicity 
(CD107a expression) as early as day 7 p.i., peaking at day 14 at the 
experiment’s conclusion by contrast, demonstrating significant 
suppression of responses in cells from infected animals at days 
10 and 14 (p =  0.048 and 0.049, respectively; Mann–Whitney 
test) (Figure 1B).

In Vitro suppression of cTl expression  
of cD107a With stimulation by  
A. phagocytophilum-loaded Dcs
Because the in vivo experiments suggested suppression of CTL 
responses by A. phagocytophilum infection, splenocytes, as 
sources of NK, NKT, and CD8 T lymphocytes from immune or 
naïve animals, were exposed to DCs preloaded with A. phago-
cytophilum (Figure  2). Compared to responses generated with 
exposure to mock-loaded DCs, CD3+/CD8+ splenic lymphocytes 
from immune animals stimulated by A. phagocytophilum-loaded 
DCs did not generate additional CD107a expression (Figure 2A), 
but demonstrated a suppressed response as compared to immune 
splenic CD3+/CD8+ lymphocytes exposed to ConA-stimulation 
(p < 0.001). CD107a expression to ionomycin was variable, but 
this treatment is established to render NK cells hyporesponsive 
(28). Thus, the CD3+/CD8+ immune lymphocytes retained 
functional capacity to degranulate but were suppressed in the 
presence of A. phagocytophilum-loaded DCs.
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FigUre 1 | At 10 days or later p.i., in vivo splenic CD8 and NKT  
cytotoxic lymphocyte CD107a expression is lower after infection by  
A. phagocytophilum in HL-60 cells compared to mock infection by uninfected 
HL-60 cells. (a) Splenic CD8 T lymphocytes from mock-infected (uninfected 
HL-60 cells) animals displayed mobilized cytotoxic responses as measured 
by surface CD107a expression at higher levels than with A. phagocytophilum-
infected HL-60 at 14 days p.i. (B) Splenic NKT cells from infected animals 
demonstrate similar lack of significant cytotoxicity as measured by expression 
of CD107a compared to animals mock infected (uninfected HL-60 cells) at 
days 10 and 14 p.i. Individual points represent values from individual animals; 
box and whisker plots show median, first and second quartiles, and 
maximum and minimum values for each group. p Values are displayed 
comparing groups on individual days. Aph, Anaplasma phagocytophilum.
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Similarly, splenocytes from naïve mice and from CD1d−/− mice 
were used to assess cytotoxicity responses to A. phagocytophilum-
loaded DCs in NKT (Figure  2B) and NK (Figure  2C) cells, 
respectively. For both NKT and NK cells among the splenocyte 
populations, cytotoxicity responses (CD107a expression) were 
significantly higher than negative control mock-loaded DCs for 

positive controls [αGalCer-loaded DCs (p < 0.001) or Pam3Cys 
(p = 0.003)]. By contrast, compared to the cytotoxicity responses 
of NKT and NK cells when exposed to positive control stimulants, 
exposure to A. phagocytophilum-loaded DCs suppressed cytotox-
icity to levels not different than negative control mock-loaded 
DCs.

intracellular iFnγ Production is impaired 
in splenic cTls
Given that A. phagocytophilum-loaded DCs suppressed cytotox-
icity responses as measured by CD107a expression on splenic 
CTLs, we next examined whether these cells also were suppressed 
for the production of IFNγ, by examining the intracellular pro-
duction of this key macrophage-activating cytokine (Figure 3). 
Surprisingly, A. phagocytophilum-immune CD8 T  lymphocyte 
(Figure  3A), NKT  cell (Figure  3B), and NK  cell (Figure  3C) 
expression of IFNγ from splenocytes was suppressed when 
exposed to A. phagocytophilum-loaded DCs as compared with 
stimulation by PMA/ionomycin (CD8 T  cells, NKT  cells, and 
NK  cells all p<0.001), ConA [immune (p  =  0.012) and naïve 
CD8 T cells (p = 0.413)], and αGalCer-loaded DCs [NKT cells 
(p = 0.004)]. Pam3Cys proved to be a poor stimulant for IFNγ 
production in NK cells. Of note, immune CD8 T  lymphocytes 
exposed to A. phagocytophilum-loaded DCs did not stimulate 
IFNγ production more than either mock-loaded DCs or naïve 
CD8 T  lymphocytes exposed to A. phagocytophilum-loaded 
DCs, and neither NK nor NKT cells generated more IFNγ when 
exposed to A. phagocytophilum-loaded DCs (wild type or CD1d−/− 
for NK cells) than for mock-loaded DCs. In summary, immune 
CD8 T, NKT, nor NK lymphocytes were unable to elicit IFNγ 
intracellular production when exposed to A. phagocytophilum-
loaded DCs, despite the ready capacity of these cells to produce 
IFNγ with positive control stimulants.

DiscUssiOn

Obligate intracellular bacteria such as A. phagocytophilum use 
their host cells as part of an extended environment and have 
evolved a capacity to interact with and manipulate host cells 
to improve microbial fitness, sometimes at the cost of dam-
age to the host in the form of disease (18, 29, 30). Studies of  
A. phagocytophilum, therefore, focus on two important aspects of 
the unique bacterium, how it survives and propagates within the 
key host defense cell, the neutrophil, and how it causes disease, 
which increasingly is documented to involve inflammatory and 
immune induction (18, 31–33). Much has been studied regarding 
mechanisms by which the immune response resolves A. phago-
cytophilum infection, largely predicated on the development of 
CD4 T  lymphocyte responses (5, 34). During investigations of 
immune pathways involved in resolving infection, it was discov-
ered that although many innate and adaptive immune pathways 
are activated, few impact microbial burden (5). Of great interest 
was the discrepancy between bacterial load and inflammatory 
tissue injury or disease manifestations in humans and animal 
models (9, 10). It has increasingly become clear that infection 
of the neutrophil likely contributes to disease by induction of 
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FigUre 2 | CD8 immune T, NKT, and NK lymphocytes are suppressed from cytotoxicity (CD107a expression) when exposed to A. phagocytophilum-loaded 
dendritic cells (DCs). (a) Splenic CD8 T lymphocytes from immune animals are suppressed from expressing CD107a to a level observed with mock-loaded DCs, 
and significantly lower than when cells were stimulated by ConA. (B) As above, splenic NKT cells are unable to generate CD107a as a cytotoxic reporter when 
stimulated by A. phagocytophilum-loaded DCs more than mock stimulation, despite effective cytotoxic responses observed to control stimulus αGalCer-loaded 
DCs. (c) NK cells are suppressed from expression of CD107a under the same circumstances, except for the use of the control stimulus Pam3Cys, a TLR2 agonist. 
DC-only, mock-loaded DCs; DC-Aph, A. phagocytophilum-loaded DCs; ConA, concanavalin A; αGC, α-galactosylceramide; PMA/IONO, phorbol-12-myristate-13-
acetate/ionomycin C; Pam3Cys, N-α-Palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-l-cysteine. Variable results are shown for the use of PMA/ionomycin in 
generated cytotoxic responses. Responses are measured as the proportion of each gated cell population expressing CD107a divided by the total number of the 
gated cell population. Because the values were not normally distributed, the proportions were ranked by percentage and tested using Mann–Whitney tests for 
non-parametric significance, with a two-sided α = 0.05. p Values are shown compared to DC-Aph for each condition. Aph, Anaplasma phagocytophilum.
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proinflammatory responses and lack of antimicrobial killing 
(18, 33), but that key protective mechanisms are initiated via 
macrophages and other APCs that do not sustain infection, but 
contribute to the proinflammatory disease process and severity of 
infection (17, 35–37). In fact, aspects of granulocytic anaplasmo-
sis in humans and animals mimic MASs and HPSs (10–12). We 
sought to discern whether A. phagocytophilum induces MAS or 
HPS driven by defective CTL delivery of perforin and granzyme 
while promoting hypercytokinemia primarily focused on IFNγ 
to further activate macrophages. Thus, we designed in vivo pilot 

studies and in vitro studies to examine the roles of immune CD8 
T  lymphocytes, NK cells, and NKT lymphocytes to interrogate 
both cytotoxicity responses and promotion of IFNγ production.

The findings from this investigation support the concept of 
impaired cytotoxicity of innate and adaptive immune CTLs that 
are, thus, unable to exert homeostatic control of APCs following 
antigen processing and MHC class I expression to these CTLs. 
While IFNγ is readily detected during in vivo infections, the rela-
tive lack of its expression in CTLs after exposure to APCs that 
should otherwise present microbial targets for activation suggests 
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FigUre 3 | Suppression of intracellular IFNγ production after stimulation of splenic cytotoxic lymphocytes (CTLs) by A. phagocytophilum-loaded dendritic cells 
(DCs). Intracellular production of IFNγ was measured as described in Figure 2 and in the Section “Materials and Methods.” Immune CD8 T (a), NKT (B), and NK (c) 
lymphocytes were suppressed from A. phagocytophilum-induced IFNγ expression as compared with positive control stimuli PMA/Ionomycin (all CTLs; a–c), ConA 
(CD8 T lymphocytes; a), and αGalCer (NKT lymphocytes; B). P values are generated from ranked data (as described in the Section “Materials and Methods” and 
Figure 2) and are displayed over each variable compared to the cells exposed to A. phagocytophilum-loaded DCs (DC-Aph). Aph, Anaplasma phagocytophilum.
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that it originates from other sources and that the functional defect 
could instead reside within the APC. While these data do not 
support the classical paradigm toward development of MAS (19), 
the ongoing production of IFNγ by other cells coupled with the 
lack of effective feedback cytotoxicity by classical CTLs would be 
equivalent.

Anaplasma phagocytophilum can stimulate proinflammatory 
responses in macrophages in  vitro through TLR2, presumably 
via a lipoprotein (4, 38). However, the recognition that intracel-
lular pathogens are also sensed and controlled via intracellular 
pattern recognition receptors has triggered a line of investiga-
tions into nucleotide-binding domain and leucine-rich repeat 
containing proteins (NLRs) (37, 39). In fact, recent studies 
showed that A. phagocytophilum activates the inflammasome 

in macrophages by a novel process that involves NLRC4 and 
production of endogenous eicosanoids (17). Moreover, studies 
of inflammasome activation by this and other obligate intracel-
lular bacteria that lack classical pathogen-associated molecular 
patterns (e.g., type III secretion system components or cell wall 
products) are now just being initiated.

Anaplasma phagocytophilum does not productively infect 
macrophages or presumably other APCs that could be involved 
in CTL engagement and activation of cytotoxicity (40). Therefore, 
how could its presence in APCs lead to dysfunctional recognition 
by immune CD8 T cells, NKT cells, and NK cells? The bacterium’s 
lifestyle is obligatory intracellular, and it likely stimulates APCs 
in delivery of secreted effector proteins or molecules via type IV 
secretion or other methods to translocate such products into the 
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cell’s cytosol for MHC class I processing (41). By contrast, its ability 
to engage surfaces of myeloid and monocytic cells suggests effective 
endocytosis but ineffective remodeling of the newly formed vacuole 
for prolonged survival within monocyte-differentiated cells (32). It 
is likely that these vacuoles fuse with the degradative complexes that 
precede antigen processing and presentation, typically the domain 
of MHC class II presentation. Given the lack of the ability to gener-
ate effective cytotoxicity across three major CTL types (CD8, NKT, 
and NK cells) suggest a defect in processing for MHC class I pres-
entation within APCs. Permutations for the MHC class I processing 
route could occur at delivery into or with proteasome degradation 
within the cytosol, delivery through transporter associated with 
antigen processing protein into the endoplasmic reticulum, proteo-
lytic processing within the endoplasmic reticulum, loading of cargo 
onto MHC class I molecules, or delivery of the loaded MHC class I 
to the cell surface. While there are potential interactions that could 
be experimentally tested (32, 42, 43), little data currently exist to 
support most of these potential points of subversion.

Could A. phagocytophilum products derived via the processing 
for presentation by APCs impact its ability to present and activate 
CTLs? Among annotated NLRs, recent studies performed impli-
cate NLRC5 as the key regulator of MHC class I gene expression 
(44–46). Regulation of NLRC5 expression is unclear, but likely 
linked in part to stimulation by type I and II interferons (47), Poly 
I:C (a mimic of double stranded RNA) (48), and possibly by bacte-
rial porins, of which A. phagocytophilum expresses large quantities 
(49). Is it plausible that A. phagocytophilum impairs MHC class I 
expression via NLRC5, resulting in the observed failure to activate 
cytotoxicity and IFNγ generation in A. phagocytophilum-specific 
responses? We recently completed RNAseq transcriptional 
profiling of A. phagocytophilum infection in ATRA-differentiated 
HL-60 promyelocytic leukemia cells and examined splice variant 
transcripts (unpublished data). Although the studies were con-
ducted in a cell differentiated toward myeloid maturity, within 
the transcriptome were identified 17 distinct alternative isoforms 
of NLRC5, all but one which were not differentially regulated by 
the infection; however, one nonsense-mediated decay isoform, 
NLRC5-010, was expressed at least ninefold greater with infection. 

Nonsense-mediated decay forms are now recognized as regulators 
of transcription in cell differentiation, in response to stress, and in 
development of disease (50). We suggest that additional studies 
to investigate whether this isoform transcript could affect NLRC5 
and MHC class I expression should be conducted.

The results of this study will drive future investigations into 
the cellular and molecular mechanisms for the CTL functional 
dissociation of MASs. These data also provide another avenue to 
explore acquired or infectious MASs unrelated to this pathogen 
through the conduct of in vivo cytotoxicity studies. Such investi-
gations should confirm in vitro studies and illustrate which cells 
possess in  vivo cytotoxicity, and whether impaired cytotoxicity 
leads to an enhanced proinflammatory phenotype which would 
recapitulate MAS and HPS disease states, and whether approaches 
directed at MHC class I expression might be fruitful avenues for 
control of disease manifestations.

eThics sTaTeMenT

All animal studies were reviewed and approved by the Johns 
Hopkins University Institutional Animal Care and Use commit-
tee. All mice were housed and cared for following the “Guide for 
the Care and Use of Laboratory Animals” (25).

aUThOr cOnTriBUTiOns

DS helped conceive the work, conduct experimentation, interpret 
results, and write the manuscript. KSC helped to conceive the 
work, conducted most of the research, interpreted results, and 
helped to edit the manuscript. JD helped conceived the work, 
interpret the results, and write the manuscript.

FUnDing

Supported by grants NIAID R21-AI096062 (DS and JD), NIAID 
R01-AI 044102 (JD) and a by Visiting Professors Program grant 
NRF-2011-013-E00055 (KSC) from the National Research 
Foundation of Korea.

reFerences

1. Chen SM, Dumler JS, Bakken JS, Walker DH. Identification of a granulo-
cytotropic Ehrlichia species as the etiologic agent of human disease. J Clin 
Microbiol (1994) 32:589–95. 

2. Bakken JS, Krueth J, Wilson-Nordskog C, Tilden RL, Asanovich 
K, Dumler JS. Clinical and laboratory characteristics of human 
granulocytic ehrlichiosis. JAMA (1996) 275:199–205. doi:10.1001/
jama.1996.03530270039029 

3. Bakken JS, Dumler JS. Human granulocytic anaplasmosis. Infect Dis Clin 
North Am (2015) 29:341–55. doi:10.1016/j.idc.2015.02.007 

4. Choi KS, Scorpio DG, Dumler JS. Anaplasma phagocytophilum ligation 
to toll-like receptor (TLR) 2, but not to TLR4, activates macrophages for 
nuclear factor-kappa B nuclear translocation. J Infect Dis (2004) 189:1921–5. 
doi:10.1086/386284 

5. von Loewenich FD, Scorpio DG, Reischl U, Dumler JS, Bogdan C. Frontline: 
control of Anaplasma phagocytophilum, an obligate intracellular pathogen, in 
the absence of inducible nitric oxide synthase, phagocyte NADPH oxidase, 
tumor necrosis factor, toll-like receptor (TLR)2 and TLR4, or the TLR adaptor 
molecule MyD88. Eur J Immunol (2004) 34:1789–97. doi:10.1002/eji.200425029 

6. Scorpio DG, Von Loewenich FD, Gobel H, Bogdan C, Dumler JS. 
Innate immune response to Anaplasma phagocytophilum contributes 

to hepatic injury. Clin Vaccine Immunol (2006) 13:806–9. doi:10.1128/
CVI.00092-06 

7. Choi KS, Dumler JS. Anaplasma phagocytophilum, interferon gamma 
production and Stat1 signaling. Microbiol Immunol (2013) 57:207–12. 
doi:10.1111/1348-0421.12023 

8. Choi KS, Scorpio DG, Dumler JS. Stat1 negatively regulates immune-me-
diated injury with Anaplasma phagocytophilum infection. J Immunol (2014) 
193:5088–98. doi:10.4049/jimmunol.1401381 

9. Martin ME, Bunnell JE, Dumler JS. Pathology, immunohistology, and cyto-
kine responses in early phases of human granulocytic ehrlichiosis in a murine 
model. J Infect Dis (2000) 181:374–8. doi:10.1086/315206 

10. Martin ME, Caspersen K, Dumler JS. Immunopathology and ehrlichial prop-
agation are regulated by interferon-gamma and interleukin-10 in a murine 
model of human granulocytic ehrlichiosis. Am J Pathol (2001) 158:1881–8. 
doi:10.1016/S0002-9440(10)64145-4 

11. Dumler JS, Barat NC, Barat CE, Bakken JS. Human granulocytic ana-
plasmosis and macrophage activation. Clin Infect Dis (2007) 45:199–204. 
doi:10.1086/518834 

12. Davies RS, Madigan JE, Hodzic E, Borjesson DL, Dumler JS. Dexamethasone-
induced cytokine changes associated with diminished disease severity in 
horses infected with Anaplasma phagocytophilum. Clin Vaccine Immunol 
(2011) 18:1962–8. doi:10.1128/CVI.05034-11 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1001/jama.1996.03530270039029
https://doi.org/10.1001/jama.1996.03530270039029
https://doi.org/10.1016/j.idc.2015.02.007
https://doi.org/10.1086/386284
https://doi.org/10.1002/eji.200425029
https://doi.org/10.1128/CVI.00092-06
https://doi.org/10.1128/CVI.00092-06
https://doi.org/10.1111/1348-0421.12023
https://doi.org/10.4049/jimmunol.1401381
https://doi.org/10.1086/315206
https://doi.org/10.1016/S0002-9440(10)64145-4
https://doi.org/10.1086/518834
https://doi.org/10.1128/CVI.05034-11


8

Scorpio et al. A. phagocytophilum-Related Defective Cytotoxicity

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 710

13. Browning MD, Garyu JW, Dumler JS, Scorpio DG. Role of reactive nitrogen 
species in development of hepatic injury in a C57BL/6 mouse model of human 
granulocytic anaplasmosis. Comp Med (2006) 56:55–62. 

14. Kirschning CJ, Schumann RR. TLR2: cellular sensor for microbial and endog-
enous molecular patterns. Curr Top Microbiol Immunol (2002) 270:121–44. 
doi:10.1007/978-3-642-59430-4_8

15. Chalifour A, Jeannin P, Gauchat JF, Blaecke A, Malissard M, N’guyen T, et al. 
Direct bacterial protein PAMP recognition by human NK  cells involves 
TLRs and triggers alpha-defensin production. Blood (2004) 104:1778–83. 
doi:10.1182/blood-2003-08-2820 

16. Della Chiesa M, Sivori S, Castriconi R, Marcenaro E, Moretta A. Pathogen-
induced private conversations between natural killer and dendritic cells. 
Trends Microbiol (2005) 13:128–36. doi:10.1016/j.tim.2005.01.006 

17. Wang X, Shaw DK, Hammond HL, Sutterwala FS, Rayamajhi M, Shirey KA, 
et al. The prostaglandin E2-EP3 receptor axis regulates Anaplasma phagocy-
tophilum-mediated NLRC4 inflammasome activation. PLoS Pathog (2016) 
12:e1005803. doi:10.1371/journal.ppat.1005803 

18. Dumler JS. The biological basis of severe outcomes in Anaplasma phago-
cytophilum infection. FEMS Immunol Med Microbiol (2012) 64:13–20. 
doi:10.1111/j.1574-695X.2011.00909.x 

19. Grom AA, Horne A, De Benedetti F. Macrophage activation syndrome in the 
era of biologic therapy. Nat Rev Rheumatol (2016) 12:259–68. doi:10.1038/
nrrheum.2015.179 

20. Morimoto A, Nakazawa Y, Ishii E. Hemophagocytic lymphohistiocytosis: 
pathogenesis, diagnosis, and management. Pediatr Int (2016) 58:817–25. 
doi:10.1111/ped.13064 

21. Humblet-Baron S, Franckaert D, Dooley J, Bornschein S, Cauwe B, 
Schonefeldt S, et al. IL-2 consumption by highly activated CD8 T cells induces 
regulatory T-cell dysfunction in patients with hemophagocytic lymphohistio-
cytosis. J Allergy Clin Immunol (2016) 138:200–9.e8. doi:10.1016/j.jaci.2015. 
12.1314 

22. Sieni E, Cetica V, Mastrodicasa E, Pende D, Moretta L, Griffiths G, et  al. 
Familial hemophagocytic lymphohistiocytosis: a model for understanding the 
human machinery of cellular cytotoxicity. Cell Mol Life Sci (2012) 69:29–40. 
doi:10.1007/s00018-011-0835-y 

23. Gerbec ZJ, Thakar MS, Malarkannan S. The Fyn-ADAP axis: cytotoxicity 
versus cytokine production in killer cells. Front Immunol (2015) 6:472. 
doi:10.3389/fimmu.2015.00472 

24. Scorpio DG, Caspersen K, Ogata H, Park J, Dumler JS. Restricted changes 
in major surface protein-2 (msp2) transcription after prolonged in  vitro 
passage of Anaplasma phagocytophilum. BMC Microbiol (2004) 4:1. 
doi:10.1186/1471-2180-4-1 

25. National Research Council (US) Committee for the Update of the Guide 
for the Care and Use of Laboratory Animals. Guide for the Care and Use of 
Laboratory Animals. 8th ed. Washington, DC: National Academies Press US 
(2011). Available from: https://www.ncbi.nlm.nih.gov/books/NBK54050

26. Choi KS, Webb T, Oelke M, Scorpio DG, Dumler JS. Differential innate 
immune cell activation and proinflammatory response in Anaplasma phago-
cytophilum infection. Infect Immun (2007) 75:3124–30. doi:10.1128/IAI. 
00098-07 

27. Inaba K, Swiggard WJ, Steinman RM, Romani N, Schuler G, Brinster C. 
Isolation of dendritic cells. Curr Protoc Immunol (2009) Chapter 3:Unit 3.7. 
doi:10.1002/0471142735.im0307s86 

28. Romera-Cardenas G, Thomas LM, Lopez-Cobo S, Garcia-Cuesta EM, Long 
EO, Reyburn HT. Ionomycin treatment renders NK  cells hyporesponsive. 
PLoS One (2016) 11:e0150998. doi:10.1371/journal.pone.0150998 

29. Mansueto P, Vitale G, Cascio A, Seidita A, Pepe I, Carroccio A, et al. New 
insight into immunity and immunopathology of Rickettsial diseases. Clin Dev 
Immunol (2012) 2012:967852. doi:10.1155/2012/967852 

30. Hafner LM. Pathogenesis of fallopian tube damage caused by Chlamydia 
trachomatis infections. Contraception (2015) 92:108–15. doi:10.1016/j.
contraception.2015.01.004 

31. Carlyon JA, Fikrig E. Mechanisms of evasion of neutrophil killing by Anaplasma 
phagocytophilum. Curr Opin Hematol (2006) 13:28–33. doi:10.1097/01.
moh.0000190109.00532.56 

32. Truchan HK, Seidman D, Carlyon JA. Breaking in and grabbing a meal: 
Anaplasma phagocytophilum cellular invasion, nutrient acquisition, and prom-
ising tools for their study. Microbes Infect (2013) 15:1017–25. doi:10.1016/j.
micinf.2013.10.010 

33. Walker DH, Dumler JS. The role of CD8 T lymphocytes in rickettsial infections. 
Semin Immunopathol (2015) 37:289–99. doi:10.1007/s00281-015-0480-x 

34. Rinkler C, Kern Y, Bogdan C, Von Loewenich FD. Mechanisms of immu-
nological control of Anaplasma phagocytophilum in mice. Ann N Y Acad Sci 
(2005) 1063:411–2. doi:10.1196/annals.1355.073 

35. Pedra JH, Sutterwala FS, Sukumaran B, Ogura Y, Qian F, Montgomery RR, 
et al. ASC/PYCARD and caspase-1 regulate the IL-18/IFN-gamma axis during 
Anaplasma phagocytophilum infection. J Immunol (2007) 179:4783–91. 
doi:10.4049/jimmunol.179.7.4783 

36. Chen G, Severo MS, Sakhon OS, Choy A, Herron MJ, Felsheim RF, et  al. 
Anaplasma phagocytophilum dihydrolipoamide dehydrogenase 1 affects 
host-derived immunopathology during microbial colonization. Infect Immun 
(2012) 80:3194–205. doi:10.1128/IAI.00532-12 

37. Wang X, Shaw DK, Sakhon OS, Snyder GA, Sundberg EJ, Santambrogio L, 
et al. The tick protein sialostatin L2 binds to annexin A2 and inhibits NLRC4-
mediated inflammasome activation. Infect Immun (2016) 84:1796–805. 
doi:10.1128/IAI.01526-15 

38. Choi KS, Dumler JS. Mitogenic component in polar lipid-enriched Anaplasma 
phagocytophilum membranes. Clin Vaccine Immunol (2007) 14:1260–5. 
doi:10.1128/CVI.00204-07 

39. Neerincx A, Castro W, Guarda G, Kufer TA. NLRC5, at the heart of antigen 
presentation. Front Immunol (2013) 4:397. doi:10.3389/fimmu.2013.00397 

40. Heimer R, Van Andel A, Wormser GP, Wilson ML. Propagation of granulo-
cytic Ehrlichia spp. from human and equine sources in HL-60 cells induced 
to differentiate into functional granulocytes. J Clin Microbiol (1997) 35:923–7. 

41. Lin M, Den Dulk-Ras A, Hooykaas PJ, Rikihisa Y. Anaplasma phagocy-
tophilum AnkA secreted by type IV secretion system is tyrosine phosphor-
ylated by Abl-1 to facilitate infection. Cell Microbiol (2007) 9:2644–57. 
doi:10.1111/j.1462-5822.2007.00985.x 

42. Rikihisa Y. Mechanisms of obligatory intracellular infection with Anaplasma 
phagocytophilum. Clin Microbiol Rev (2011) 24:469–89. doi:10.1128/
CMR.00064-10 

43. Truchan HK, Cockburn CL, Hebert KS, Magunda F, Noh SM, Carlyon JA. The 
pathogen-pccupied vacuoles of Anaplasma phagocytophilum and Anaplasma 
marginale interact with the endoplasmic reticulum. Front Cell Infect Microbiol 
(2016) 6:22. doi:10.3389/fcimb.2016.00022 

44. Meissner TB, Li A, Biswas A, Lee KH, Liu YJ, Bayir E, et  al. NLR family 
member NLRC5 is a transcriptional regulator of MHC class I genes. Proc Natl 
Acad Sci U S A (2010) 107:13794–9. doi:10.1073/pnas.1008684107 

45. Yao Y, Wang Y, Chen F, Huang Y, Zhu S, Leng Q, et al. NLRC5 regulates MHC 
class I antigen presentation in host defense against intracellular pathogens. 
Cell Res (2012) 22:836–47. doi:10.1038/cr.2012.56 

46. Chelbi ST, Dang AT, Guarda G. Emerging major histocompatibility complex 
class I-related functions of NLRC5. Adv Immunol (2017) 133:89–119. 
doi:10.1016/bs.ai.2016.11.003 

47. Kuenzel S, Till A, Winkler M, Hasler R, Lipinski S, Jung S, et al. The nucleo-
tide-binding oligomerization domain-like receptor NLRC5 is involved in IFN-
dependent antiviral immune responses. J Immunol (2010) 184:1990–2000. 
doi:10.4049/jimmunol.0900557 

48. Staehli F, Ludigs K, Heinz LX, Seguin-Estevez Q, Ferrero I, Braun M, et al. NLRC5 
deficiency selectively impairs MHC class I-dependent lymphocyte killing by 
cytotoxic T cells. J Immunol (2012) 188:3820–8. doi:10.4049/jimmunol.1102671 

49. Huang H, Wang X, Kikuchi T, Kumagai Y, Rikihisa Y. Porin activity of 
Anaplasma phagocytophilum outer membrane fraction and purified P44. 
J Bacteriol (2007) 189:1998–2006. doi:10.1128/JB.01548-06 

50. Nickless A, Bailis JM, You Z. Control of gene expression through the non-
sense-mediated RNA decay pathway. Cell Biosci (2017) 7:26. doi:10.1186/
s13578-017-0153-7 

Disclaimer: The opinions expressed herein are those of the author(s) and are 
not necessarily representative of those of the Uniformed Services University of 
the Health Sciences (USUHS), the Department of Defense (DOD); or, the United 
States Army, Navy, or Air Force.

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

Copyright © 2018 Scorpio, Choi and Dumler. 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) and the copyright owner 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.

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1007/978-3-642-59430-4_8
https://doi.org/10.1182/blood-2003-08-2820
https://doi.org/10.1016/j.tim.2005.01.006
https://doi.org/10.1371/journal.ppat.1005803
https://doi.org/10.1111/j.1574-695X.2011.00909.x
https://doi.org/10.1038/nrrheum.2015.179
https://doi.org/10.1038/nrrheum.2015.179
https://doi.org/10.1111/ped.13064
https://doi.org/10.1016/j.jaci.2015.
12.1314
https://doi.org/10.1016/j.jaci.2015.
12.1314
https://doi.org/10.1007/s00018-011-0835-y
https://doi.org/10.3389/fimmu.2015.00472
https://doi.org/10.1186/1471-2180-4-1
https://www.ncbi.nlm.nih.gov/books/NBK54050
https://doi.org/10.1128/IAI.
00098-07
https://doi.org/10.1128/IAI.
00098-07
https://doi.org/10.1002/0471142735.im0307s86
https://doi.org/10.1371/journal.pone.0150998
https://doi.org/10.1155/2012/967852
https://doi.org/10.1016/j.contraception.2015.01.004
https://doi.org/10.1016/j.contraception.2015.01.004
https://doi.org/10.1097/01.moh.0000190109.00532.56
https://doi.org/10.1097/01.moh.0000190109.00532.56
https://doi.org/10.1016/j.micinf.2013.10.010
https://doi.org/10.1016/j.micinf.2013.10.010
https://doi.org/10.1007/s00281-015-0480-x
https://doi.org/10.1196/annals.1355.073
https://doi.org/10.4049/jimmunol.179.7.4783
https://doi.org/10.1128/IAI.00532-12
https://doi.org/10.1128/IAI.01526-15
https://doi.org/10.1128/CVI.00204-07
https://doi.org/10.3389/fimmu.2013.00397
https://doi.org/10.1111/j.1462-5822.2007.00985.x
https://doi.org/10.1128/CMR.00064-10
https://doi.org/10.1128/CMR.00064-10
https://doi.org/10.3389/fcimb.2016.00022
https://doi.org/10.1073/pnas.1008684107
https://doi.org/10.1038/cr.2012.56
https://doi.org/10.1016/bs.ai.2016.11.003
https://doi.org/10.4049/jimmunol.0900557
https://doi.org/10.4049/jimmunol.1102671
https://doi.org/10.1128/JB.01548-06
https://doi.org/10.1186/s13578-017-0153-7
https://doi.org/10.1186/s13578-017-0153-7
https://creativecommons.org/licenses/by/4.0/

	Anaplasma phagocytophilum-Related Defects in CD8, NKT, 
and NK Lymphocyte Cytotoxicity
	Introduction
	Materials and Methods
	In Vitro Cell Line and A. phagocytophilum Culture
	Animals and Immunophenotyping
	Ex Vivo Experiments to Identify Cytotoxic CTL Activation
	Cell Preparations for In Vitro Determination of CTL Cytotoxicity by CD107a Expression
	Statistical Analysis

	Results
	A. phagocytophilum Infection Suppresses CD8 T Lymphocyte and NKT Lymphocyte Cytotoxicity In Vivo
	In Vitro Suppression of CTL Expression 
of CD107a With Stimulation by 
A. phagocytophilum-Loaded DCs
	Intracellular IFNγ Production Is Impaired in Splenic CTLs

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	References


