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Figure 5. Neutrophils can activate T cells following RBC phagocytosis. (A) Schematic overview of the autologous TT-specific T-cell assay. On day 0, (CFSE-labeled)

T cells were incubated with neutrophils 6 RBCs or RBC-ops TT. On day 4, T cells were restimulated with neutrophils 6 RBCs or RBC-ops and 6 TT. Flow cytometry was
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multiple comparison. For the comparison of the expression
levels of the activation markers, a 2-way analysis of variance test
was used followed by the Tukey test for correction of multiple
comparison (****P , .0001; ***P , .001; **P , .01; *P , .05).

Results

RBC phagocytosis by neutrophils induces MHC-II and

costimulatory molecule expression

We have previously shown that only RBC-ops, and not unopsonized
RBCs, are phagocytosed by neutrophils.6 To investigate whether
neutrophils can act as APCs following RBC phagocytosis, we first
confirmed our previous findings using flow cytometry and cytospin
analysis (Figure 1A-B; supplemental Figure 1). Professional APCs
express MHC-II and costimulatory molecules in order to present
antigens. Therefore, we measured MHC-II (HLA-DR) and costimulatory
molecule (CD40 and CD80) expression on neutrophils following RBC
phagocytosis. Freshly isolated neutrophils showed no to low expression
of HLA-DR, CD40, and CD80. In contrast, these markers were
upregulated on neutrophils 20 hours after RBC phagocytosis (Figure
1C-E) (these results were confirmed for HLA-DR andCD40 by western
blot [see Figure 6D-E]). Previously, interferon g (IFNg), tumor necro-
sis factor a (TNFa), and GM-CSF were shown to induce HLA-DR
expression on neutrophils.22,23 Here, we found that the levels of HLA-
DR but not CD40 or CD80 upregulation on neutrophils were
significantly greater after incubation with RBC-ops when compared
with neutrophils stimulated with IFNg, TNFa, or GM-CSF (Figure 1F-H).

Approximately 45% of the neutrophils incubated with RBC-ops
phagocytozed RBCs (Figure 1A). To selectively analyze the subset of
neutrophils that had phagocytozed an RBC, we developed a highly
specific assay using magnetically labeled RBCs (Figure 2A). Using
magnetic selection, we separated nonphagocytizing neutrophils from
phagocytosing neutrophils (Figure 2B) and we measured MHC-II and
costimulatory molecule expression on both subsets using flow
cytometry. HLA-DR, CD40, and CD80 were significantly upregulated
on phagocytosing neutrophils but remained negative on nonphagocy-
tosing neutrophils compared with the control (Figure 2C-E). Moreover,
due to the selectivity of this assay, the MFI for the markers is greatly
increased compared with the standard flow cytometric assay used in
Figure 1C-H. In addition, we determined CD86 and CD83 expres-
sion on the different sets of neutrophils (Figure 2F-G). These markers
showed no or very low expression on freshly purified blood neutrophils,
as well as on nonphagocytosing or phagocytosing neutro-
phils. Finally, we found that messenger RNA levels for HLA-DR were
also significantly upregulated in phagocytosing neutrophils (Figure 2H).
These results show that neutrophils selectively acquire characteristics
of an APC following IgG-opsonized RBC phagocytosis.

To get more insight into the potential of neutrophils to perform a role
as APC, we compared MHC-II and costimulatory molecule
expression of RBC-ops–stimulated neutrophils with immature and
mature monocyte-derived DCs and monocytes (Figure 3). Mature
DCs express considerably higher levels of HLA-DR (288 times
higher), CD40 (17.9 times higher), and CD80 (92.4 times higher)
than neutrophils incubated with RBC-ops. CD40 is significantly
higher on immature DCs and a trend of higher expression on
immature DCs can be seen for HLA-DR and CD80 (HLA-DR,
179 times higher; CD40, 2.6 times higher; and CD80, 5.8 times
higher). Due to large variation in expression of HLA-DR and CD80
between donors, expression levels for these proteins on immature
DCs are not significantly enhanced compared with neutrophils
incubated with RBC-ops. Interestingly, HLA-DR, CD40, and CD80
expression on neutrophils incubated with RBC-ops is comparable
to the expression of these molecules on nonactivated monocytes.

The respiratory burst is almost absent in neutrophils

during RBC phagocytosis

As a rule, phagocytosis by neutrophils leads to the induction
of a respiratory burst. To examine the consequence of RBC
phagocytosis by neutrophils, we measured the respiratory burst
following erythrophagocytosis. Surprisingly, the respiratory
burst following RBC-ops uptake, quantified by measuring
extracellular H2O2 production, was not enhanced compared
with control neutrophils or neutrophils incubated with unopson-
ized RBCs (Figure 4A). Phagocytosis of yeast-derived zymosan
particles or the addition of PMA, both potent inducers of the
respiratory burst, showed that neutrophils in all 3 conditions were
capable of producing ROS (Figure 4A). Similar results were
obtained with the DHR assay, a FACS-based method that detects
intracellular H2O2 production (Figure 4B). No burst was mea-
surable for neutrophils incubated with RBC-ops when tested
180 minutes after the start of the phagocytosis assay. PMA was
added to confirm that neutrophils in all 4 conditions were able to
produce a respiratory burst.

Because it is improbable that the burst is completely absent, we finally
used anNBT assay to determinewhether we could detect a respiratory
burst following RBC phagocytosis. Superoxide reduces NBT, which
results in a dark blue precipitate. The respiratory burst can be visualized
hereby but not properly quantified. And indeed, neutrophils incubated
with RBC-ops showed a slight but consistent blue precipitate in the
NBT assay whereas control neutrophils and neutrophils incu-
bated with unopsonized RBCs did not (Figure 4C). Collectively, these
findings indicate that the respiratory burst following RBC phagocytosis
is greatly reduced in neutrophils but not absent.

Figure 5. (continued) used as readout on days (1, 4, and) 8. (B) T-cell activation was measured by flow cytometry by determining the percentage of CD251, CD38, or

HLA-DR1 CD41 T cells after 1, 4, and 8 days. Results are shown for T cells incubated with neutrophils (Neutro) 6 RBCs or RBC-ops. All conditions are plus TT. T cells plus

RBCs served as a negative control and T cells plus PBMCs as positive control (mean 6 SEM; n 5 3). (C) Histograms showing CD25, CD38, and HLA-DR staining on CD41

T cells on days 1, 4, and 8 of a representative donor. As a positive control for CD25, CD38 and HLA-DR staining T cells stimulated with anti-CD3 and anti-CD28 were used.

An isotype control was used as negative control. (D) CD41 T-cell proliferation was measured by flow cytometry by determining the percentage of CFSE low T cells after 8

days. Percentage proliferation is shown for T cells incubated with neutrophils 6 RBCs or RBC-ops and 6 TT. T cells 6 RBCs served as a negative control and T cells plus

PBMCs as positive control (mean 6 SEM; n 5 8). (E) The experiment was repeated with the addition of an MHC-II blocking antibody to show that neutrophil-induced T-cell

proliferation is MHC-II restricted (mean 6 SEM; n 5 6). (F) Graph showing IFN-g levels in the medium at day 8 (n 5 6). Asterisks above the straight-line bars represent

significant differences compared with T cells plus RBCs day 1; asterisks above the inverted U–shaped spanner bars represent significant differences between the indicated

bars (****P , .0001; ***P , .001; **P , .01; *P , .05). Nonsignificant results have not been indicated.
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Figure 6. CD47 blocking on RBCs enhances the induction of TT-specific CD4
1
T-cell proliferation. (A) RBC phagocytosis by neutrophils was measured by incubating

neutrophils 6 DiD-labeled plus RBCs or RBC-ops, 6 F(ab9)2 CD47 for 45 minutes. Subsequently, RBC were lysed and the percentage of RBC-phagocytosing neutrophils

was measured by flow cytometry. Comparing the RBC-ops condition with the RBC-ops- F(ab9)2 CD47 condition, RBC phagocytosis increases from 45% to 73%

(mean 6 SEM; n 5 5). (B) The percentage of proliferation measured for T cells incubated with neutrophils plus RBCs or RBC-ops, 6 F(ab9)2 CD47 and 6 TT. T cells

served as a negative control and T cells plus PBMCs as positive control (mean 6 SEM; n 5 8). (C) Surface expression of HLA-DR, CD40, and CD80 on nonphagocytosing

and phagocytosing neutrophils (mean 6 SEM; n 5 4). (D) Western blot analysis for HLA-DR expression performed on neutrophils 6 RBCs or RBC-ops and 6 F(ab9)2 CD47.
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Neutrophils can activate T cells and induce

antigen-specific proliferation following

RBC phagocytosis

We found that neutrophils acquire APC characteristics following RBC
phagocytosis. We next wanted to investigate whether these
neutrophils are also capable of stimulating T cells in an antigen-
specific manner by studying the upregulation of the activation markers
CD25, CD38, and HLA-DR on T cells over time and by measuring
antigen-specific T-cell proliferation using an autologous TT-specific
T-cell assay (Figure 5A). Furthermore, we investigate the capacity
of neutrophils to process and present antigens because TT requires
intracellular processing for presentation. We incubated fresh
neutrophils 6 RBCs or RBC-ops 6 TT with (CFSE-labeled) T cells.
T cells alone and/or T cells with RBCs were taken along as a negative
control. T-cell–depleted PBMCswere added as an APC source to the
T cells and served as a positive control. To establish that measured
T-cell proliferation is TT specific, all conditions were also evaluated
without TT. Because neutrophils are short-living cells, the T cells
cocultured with neutrophils were restimulated with fresh neutrophils
on day 4. On days 1, 4, and 8, the expression levels of CD25, CD38,
and HLA-DR were measured with flow cytometry (Figure 5B-C;
supplemental Figure 5). Our results showed that CD25 is upregulated
on CD41 T cells on day 8 after coincubation of T cells with neutrophils
and RBC-ops. The positive control (T cells incubated with PBMCs)
already shows CD25 upregulation on CD41 T cells on day 4. CD38
and HLA-DR are upregulated on CD41 at day 8 in both the positive
control, as in the condition where T cells are incubated with
neutrophils and RBC-ops. On CD81 T cells, CD25 is not significantly
upregulated by neutrophils plus RBC-ops and only slightly upregu-
lated by PBMCs on day 8 (supplemental Figure 5A). CD38 and
HLA-DR are upregulated on day 8 by neutrophils plus RBC-ops
and by PBMCs but expression is lower compared with CD41

(supplemental Figure 5B-C). These results show that neutrophils
are capable of specifically activating T cells following RBC phagocytosis.

Using the same assay, we determined the capacity of neutrophils to
induce TT-specific T-cell proliferation (supplemental Figure 4). We
found that neutrophils incubated with RBC-ops are capable of
inducing CD41 T-cell proliferation with a mean proliferation of 7.7%,
comparable to proliferation induced by PBMCs (Figure 5D). Both
neutrophils plus RBC-ops and PBMCs induce minimal CD81 T-cell
proliferation (supplemental Figure 5G). CD41 T-cell proliferation
induced by neutrophils is MHC-II restricted as demonstrated by
using a blocking antibody for HLA-DR (Figure 5E). Lastly, after 8
days, IFN-g secretion is significantly enhanced when T cells are
incubated with neutrophils plus RBC-ops and TT compared with
T cells incubated with RBCs (Figure 5F).

CD47 blocking on RBCs does not enhance the

induction of TT-specific CD41 T-cell proliferation

CD47 is a molecule that helps the immune system to discrimi-
nate self from nonself. This “don’t eat me” signal has a powerful

restrictive role in the activation of DCs.18 To investigate whether
this is also the case for neutrophils, we blocked CD47 on RBCs
and RBCs-ops using a F(ab9)2 fragment against CD47 prior to
incubation with neutrophils. As we have previously found, CD47
blocking augments phagocytosis of RBC-ops6 (Figure 6A).
However, the increase in phagocytosis does not seem to affect
antigen presentation by neutrophils. CD41 T-cell proliferation
was not significantly enhanced when neutrophils had taken up
RBCs when CD47 was blocked although a trend is seen
(Figure 6B). Additionally, CD47 blocking on RBC-ops does not
seem to alter expression levels of HLA-DR, CD40, and CD80 on
neutrophils after phagocytosis of these RBCs (Figure 6C).
Western blot does show a slight increase in HLA-DR and CD40
expression, which could be explained by the fact that here
we also measure intracellular protein. Overall, CD47 blocking
on RBCs increases phagocytosis by neutrophils but does not
seem to have a significant effect on the subsequent antigen-
presenting function of neutrophils.

Discussion

In the current study, we investigated whether neutrophils can con-
tribute to adaptive immunity after acquiring antigen-presentation
capacity following RBC phagocytosis. We established that neutro-
phils express MHC-II and costimulatory molecules after RBC uptake
and found a reduced respiratory burst in neutrophils that phagocy-
tose RBCs. These neutrophils can induce autologous TT-specific
CD41 T-cell activation and proliferation to a similar extent as PBMCs.
Additionally, we found that CD47-SIRPa interaction may have some
restricting activity for HLA-DR upregulation on neutrophils. However,
this negative feedback signal does not seem to have a significant
effect on T-cell activation and proliferation.

It has previously been shown that human neutrophils acquire APC
characteristics under the influence of stimuli such as GM-CSF,
IFNg, or interleukin 4.22-24 A few studies have also shown that
stimulated neutrophils can induce antigen-specific T-cell prolifera-
tion, for instance by presenting bacterial or viral antigens.24-27 In the
current study, we show for the first time that the phagocytosis of
IgG-opsonized endogenous material drives neutrophils toward
a functional APC phenotype.

Evidence for an in vivo role of neutrophils as APCs has also been
described in literature. For instance, clinical studies have
demonstrated that IFN-g and GM-CSF stimulate upregulation
of HLA-DR expression.28,29 Moreover, in patients suffering from
autoimmune diseases such as Wegener granulomatosis and
rheumatoid arthritis, neutrophils show elevated levels of MHC-II,
CD80, and CD86 compared with healthy controls.30 In mice,
neutrophils have been shown to act as APCs in a chronic colitis
model.31 Furthermore, at inflammatory sites, murine neutrophils
can differentiate into APCs that rapidly clear bacteria and present
bacterial antigens to T cells.32 Recently, Vono et al used rhesus
macaques to demonstrate that antigen-positive neutrophils in

Figure 6. (continued) Fluorescence intensity of the bands was quantified using Odyssey Imaging system and normalized for GAPDH expression. (E) Western blot analysis

for CD40 expression performed on neutrophils 6 RBCs or RBC-ops and 6 F(ab9)2 CD47. Fluorescence intensity of the bands was quantified using Odyssey Imaging

system and normalized for actin expression. (D-E) May-Grünwald Giemsa stain; original magnification 3500. Asterisks above the straight-line bars represent significant

differences compared with T 5 0 control neutrophils; asterisks above the inverted U–shaped spanner bars represent significant differences between the indicated bars

(**P , .01; *P , .05).
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draining lymph nodes are capable of antigen presentation and
induction of CD41 T-cell proliferation after vaccination.27

We found that neutrophils induce T-cell proliferation to a compa-
rable extent as PBMCs. In the PBMC mixture, monocytes and
B cells fulfill the role of APC. Vono et al have compared human
neutrophils with classical APCs (CD161 monocytes, CD141

monocytes, plasmacytoid DCs, and myeloid DCs) in respect to
inducing specific T-cell proliferation and found a lower but consistent
ability for neutrophils to induce proliferation using a cytomegalovirus
pp65–specific or influenza hemagglutinin-specific assay.27 Other
studies have compared neutrophils with monocytes in a TT-specific
assay. The outcome of these studies varied with some studies
showing a lower capacity to induce proliferation25 whereas others
showed neutrophils to be superior to monocytes.24 Moreover, there
is opposing evidence suggesting that neutrophils can have an
inhibiting effect on T-cell activation and proliferation. A suppres-
sive role of neutrophils has been well defined in cancer. Here,
neutrophils, also known as granulocytic myeloid–derived suppres-
sor cells, are able to suppress antitumor immune responses by
inhibiting cytotoxic T-cell function.33,34 Besides neutrophils,
immature and mature monocyte myeloid–derived suppressor
cells can also act as suppressors of antitumor immune
responses.33

These seemingly contradicting effects of neutrophils on adaptive
immune responses suggest a regulatory role. Increasing evi-
dence is found supporting the presence of multiple neutrophil
phenotypes.35-38 These different phenotypes could arise through
specific differentiation programs in the bone marrow or they
may be induced by extracellular signals such as cytokines and
chemokines.34 Depending on the environmental conditions,
neutrophils can exhibit different regulatory functions. For in-
stance, they produce cytokines and chemokines vital for the
initiation of an inflammatory response,2 yet, they can also secrete
anti-inflammatory factors that resolve inflammation.3 Neutrophils
can induce DC maturation and activation,7,39,40 however, an
inhibitory effect on DCs has also been described.41-45 The wide
range of functions demonstrates not only an effector role but
also a regulatory role for neutrophils.

Neutrophils and professional APCs such as macrophages,
monocytes, and DCs share a common origin. Although de-
veloping from a common precursor, the various myeloid cells
differentiate and acquire distinct and often complementary
characteristics such as different tissue localization, different
capacities to fight pathogens, and different levels of cytokine
production. The combination of complementary and overlapping
features of myeloid cells helps to fine-tune effector functions
and results in sophisticated orchestration of the innate and
adaptive immune system.46 Although neutrophils will most likely
be unable to replace or take over APC functions of professional
APCs, these abundant cells may still be crucial as APC in
specific situations.

We have previously shown that CD47-SIRPa interaction restricts
RBC phagocytosis by neutrophils.6 In the current study, we have found
that this negative feedback system does not have a significant effect
on the induction of neutrophil-activated antigen-specific CD41

T-cell responses. Although not significant, we do find a slight
enhancement in T-cell proliferation when blocking CD47. Flow
cytometry showed that the expression of HLA-DR, CD40, and

CD80 does not increase, although an increase of CD40 and
CD80 when CD47 is blocked is found on western blot, suggesting
an intracellular pool of the proteins.

In this study, we determined the role of neutrophils in IgG-
mediated RBC clearance, which may give us insight into the role
of neutrophils in RBC alloimmunization. We have investigated the
situation in which the alloantibody is already present. Therefore,
our work does not clarify the role of neutrophils in the formation of
a primary alloantibody. However, we show that once an anti-RBC
antibody is formed, neutrophils participate in RBC clearance and
subsequently acquire APC characteristics. Although DCs are
most likely more potent APCs and crucial for the initial phase
of alloimmunization, neutrophils could be involved in sustaining
the alloimmune reaction. Moreover, our findings support a role
for neutrophils in the formation of secondary antibodies. Al-
though neutrophils express relatively low amounts of MHC-II and
costimulatory molecules their abundance can compensate for
this and increase their impact as an APC.

Nonetheless, in vivo studies should be performed in future research
to establish the exact contribution of neutrophils in alloimmunization.
Moreover, it should be noted that we have used a mouse IgG1
antibody for RBC opsonization. Antibody specificity, subclass, and/or
glycosylation may affect the ability of the phagocytosing neutrophils
to function as an APC.

In conclusion, this paper primarily highlights the plasticity of
neutrophils that were previously thought of as terminally differen-
tiated cells with an antimicrobial function. Additionally, our results
suggest an unexpected role for neutrophils in RBC alloimmuniza-
tion. Overall, neutrophils appear to have a more prominent role in
adaptive immune responses such as alloimmunization than pre-
viously anticipated.
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27. Vono M, Lin A, Norrby-Teglund A, Koup RA, Liang F, Loré K. Neutrophils acquire the capacity for antigen presentation to memory CD41 T cells in vitro and
ex vivo. Blood. 2017;129(14):1991-2001.

28. Mudzinski SP, Christian TP, Guo TL, Cirenza E, Hazlett KR, Gosselin EJ. Expression of HLA-DR (major histocompatibility complex class II) on neutrophils
from patients treated with granulocyte-macrophage colony-stimulating factor for mobilization of stem cells. Blood. 1995;86(6):2452-2453.

29. Reinisch W, Lichtenberger C, Steger G, et al. Donor dependent, interferon-gamma induced HLA-DR expression on human neutrophils in vivo. Clin Exp
Immunol. 2003;133(3):476-484.

1772 MEINDERTS et al 11 JUNE 2019 x VOLUME 3, NUMBER 11

.For personal use onlyon June 16, 2019. by guest  www.bloodadvances.orgFrom 

http://www.bloodadvances.org/
http://www.bloodadvances.org/page/rights-permissions


30. Iking-Konert C, Vogt S, Radsak M, Wagner C, Hänsch GM, Andrassy K. Polymorphonuclear neutrophils in Wegener’s granulomatosis acquire
characteristics of antigen presenting cells. Kidney Int. 2001;60(6):2247-2262.

31. Ostanin DV, Kurmaeva E, Furr K, et al. Acquisition of antigen-presenting functions by neutrophils isolated from mice with chronic colitis. J Immunol. 2012;
188(3):1491-1502.

32. Geng S, Matsushima H, Okamoto T, et al. Emergence, origin, and function of neutrophil-dendritic cell hybrids in experimentally induced inflammatory
lesions in mice. Blood. 2013;121(10):1690-1700.

33. Treffers LW, Hiemstra IH, Kuijpers TW, van den Berg TK, Matlung HL. Neutrophils in cancer. Immunol Rev. 2016;273(1):312-328.

34. Leliefeld PH, Koenderman L, Pillay J. How neutrophils shape adaptive immune responses. Front Immunol. 2015;6:471.

35. Buckley CD, Ross EA, McGettrick HM, et al. Identification of a phenotypically and functionally distinct population of long-lived neutrophils in a model of
reverse endothelial migration. J Leukoc Biol. 2006;79(2):303-311.

36. Coffelt SB, Kersten K, Doornebal CW, et al. IL-17-producing gd T cells and neutrophils conspire to promote breast cancer metastasis. Nature. 2015;
522(7556):345-348.

37. Pillay J, Hietbrink F, Koenderman L, Leenen LP. The systemic inflammatory response induced by trauma is reflected by multiple phenotypes of blood
neutrophils. Injury. 2007;38(12):1365-1372.

38. Pillay J, Ramakers BP, Kamp VM, et al. Functional heterogeneity and differential priming of circulating neutrophils in human experimental endotoxemia.
J Leukoc Biol. 2010;88(1):211-220.

39. Bennouna S, Bliss SK, Curiel TJ, Denkers EY. Cross-talk in the innate immune system: neutrophils instruct recruitment and activation of dendritic cells
during microbial infection. J Immunol. 2003;171(11):6052-6058.

40. Blomgran R, Ernst JD. Lung neutrophils facilitate activation of naive antigen-specific CD41 T cells during Mycobacterium tuberculosis infection.
J Immunol. 2011;186(12):7110-7119.

41. Clayton AR, Prue RL, Harper L, Drayson MT, Savage CO. Dendritic cell uptake of human apoptotic and necrotic neutrophils inhibits CD40, CD80, and
CD86 expression and reduces allogeneic T cell responses: relevance to systemic vasculitis. Arthritis Rheum. 2003;48(8):2362-2374.

42. Yang CW, Strong BS, Miller MJ, Unanue ER. Neutrophils influence the level of antigen presentation during the immune response to protein antigens in
adjuvants. J Immunol. 2010;185(5):2927-2934.

43. Maffia PC, Zittermann SE, Scimone ML, et al. Neutrophil elastase converts human immature dendritic cells into transforming growth
factor-beta1-secreting cells and reduces allostimulatory ability. Am J Pathol. 2007;171(3):928-937.

44. Eken C, Gasser O, Zenhaeusern G, Oehri I, Hess C, Schifferli JA. Polymorphonuclear neutrophil-derived ectosomes interfere with the maturation of
monocyte-derived dendritic cells. J Immunol. 2008;180(2):817-824.

45. Gasser O, Schifferli JA. Activated polymorphonuclear neutrophils disseminate anti-inflammatory microparticles by ectocytosis. Blood. 2004;104(8):
2543-2548.

46. Silva MT. When two is better than one: macrophages and neutrophils work in concert in innate immunity as complementary and cooperative partners of
a myeloid phagocyte system. J Leukoc Biol. 2010;87:93-106.

11 JUNE 2019 x VOLUME 3, NUMBER 11 NEUTROPHILS CONVERT TO ANTIGEN-PRESENTING CELLS 1773

.For personal use onlyon June 16, 2019. by guest  www.bloodadvances.orgFrom 

http://www.bloodadvances.org/
http://www.bloodadvances.org/page/rights-permissions

