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Abstract

Background—Patients with X-linked hyper-IgM syndrome caused by CD40 ligand (CD40L) 

deficiency often present with episodic, cyclic, or chronic neutropenia, suggesting abnormal 

neutrophil development in the absence of CD40L-CD40 interaction. However, even when not 

neutropenic and despite immunoglobulin replacement therapy, CD40L-deficient patients are 
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susceptible to life-threatening infections caused by opportunistic pathogens, suggesting impaired 

phagocyte function and the need for novel therapeutic approaches.

Objectives—We sought to analyze whether peripheral neutrophils from CD40L-deficient 

patients display functional defects and to explore the in vitro effects of recombinant human IFN-γ 
(rhIFN-γ) on neutrophil function.

Methods—We investigated the microbicidal activity, respiratory burst, and transcriptome profile 

of neutrophils from CD40L-deficient patients. In addition, we evaluated whether the lack of 

CD40L in mice also affects neutrophil function.

Results—Neutrophils from CD40L-deficient patients exhibited defective respiratory burst and 

microbicidal activity, which were improved in vitro by rhIFN-γ but not soluble CD40L. Moreover, 

neutrophils from patients showed reduced CD16 protein expression and a dysregulated 

transcriptome suggestive of impaired differentiation. Similar to CD40L-deficient patients, CD40L 

knockout mice were found to have impaired neutrophil responses. In parallel, we demonstrated 

that soluble CD40L induces the promyelocytic cell line HL-60 to proliferate and mature by 

regulating the expression of genes of the same Gene Ontology categories (eg, cell differentiation) 

when compared with those dysregulated in peripheral blood neutrophils from CD40L-deficient 

patients.

Conclusion—Our data suggest a nonredundant role of CD40L-CD40 interaction in neutrophil 

development and function that could be improved in vitro by rhIFN-γ, indicating a potential novel 

therapeutic application for this cytokine.
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Neutrophils are myeloid cells that play a major role in innate immunity through their 

microbicidal activity, thus representing the first line of defense against invading pathogens.
1–5 The neutrophil development program involves a variety of factors that direct myeloid-

specific gene expression, which leads to completion of cell differentiation.6,7 CD40 ligand 

(CD40L)/CD40 interaction, which is mediated locally by membrane/membrane contact and 

systemically by soluble CD40 ligand (sCD40L) produced by T cells8 and platelets,9 has 

been implicated in different biological processes and pathologies ranging from cancer to 

infectious and autoimmune diseases.10–12 Of note, studies of healthy donor cells,13,14 

patients with autoimmune diseases and high serum levels of sCD40L,15,16 and mouse 

models17 demonstrate that the CD40L-CD40 interaction plays an important role during the 

inflammatory response and in the development of myeloid cells. This latter function is 

underlined by the fact that bone marrow stromal cells and myeloid progenitors express 

CD40, suggesting a direct or indirect involvement of CD40L-CD40 interaction in the control 

of hematopoiesis by influencing the cytokine and growth factor network in the bone marrow.
14,18,19

Patients with X-linked hyper-IgM syndrome or CD40L deficiency, which occurs because of 

loss-of-function mutations in the CD40L gene (CD40LG), can have episodic, cyclic, or 

chronic neutropenia.20,21 Previous reports indicated a maturation arrest of the myeloid 
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lineage at the promyelocyte-myelocyte stage in the bone marrow of CD40L-deficient 

patients,21,22 thus suggesting a pivotal role of CD40L-CD40 interaction during neutrophil 

development. Nonetheless, even when neutrophil counts are normal or CD40L-deficient 

patients are receiving granulocyte colony-stimulating factor (G-CSF) and immunoglobulin 

replacement therapy,23,24 these subjects are susceptible to life-threatening infections caused 

by opportunistic infectious agents, such as fungi and intracellular bacteria. These infections 

cause high rates of morbidity and mortality,25 pointing to the need for complementary 

therapeutic options for patients with CD40L deficiency.

Here we aimed to investigate whether peripheral blood neutrophils from CD40L-deficient 

patients present functional defects. In addition, considering the impaired production of 

proinflammatory cytokines, such as IFN-γ, by cells from CD40L- and CD40-deficient 

patients12,26–28 and mice29 and IFN-γ’s priming effect (ie, effects that do not increase cell 

responses per se but prepare them for markedly enhanced responses on a secondary 

stimulation) on neutrophils,30–36 we hypothesize that in vitro IFN-γ treatment could 

improve presumptive impaired immune responses of peripheral neutrophils from patients 

with CD40L deficiency. Although sCD40L was also shown to possess the ability to prime 

peripheral blood neutrophils,13 this molecule is not a therapeutic option for CD40L-deficient 

patients because of severe side effects.37–39 Therefore we explored IFN-γ as a potential new 

therapy for patients with CD40L deficiency, which could improve disease-related morbidity 

and mortality rates.25

METHODS

Subjects

We enrolled 6 CD40L-deficient patients (age range, 8–22 years) from 6 unrelated families. 

The clinical, immunologic, and genetic characteristics of the patients have been described 

previously20,40 and are summarized in Table E1 in this article’s Online Repository at 

www.jacionline.org.41,42 The study was initiated in 2009 and completed in 2017, and 

patients were not neutropenic at the time of blood collection. However, all of them had 

episodes of intermittent neutropenia during their lives, which improved after G-CSF therapy. 

At the moment of blood collection, only patient P5 was still receiving G-CSF treatment. For 

each experiment, a healthy control subject (age range, 23–30 years) was included for 

comparison.

Informed consent was obtained from the patients or their parents and from healthy control 

subjects. The blood was collected under institutional guidelines, and approval for the study 

was obtained from the Ethics Committee of the Institute of Biomedical Sciences, University 

of São Paulo, according to the Helsinki Convention.

Analysis of human neutrophil function

Neutrophils from healthy control subjects and CD40L-deficient patients were obtained from 

heparinized blood by means of dextran sedimentation, followed by Ficoll-Hypaque 

centrifugation, as previously described.43 Viability and purity of fresh isolated neutrophils 

were consistently greater than 96%, as determined by using Trypan blue exclusion. When 
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indicated, isolated neutrophils were incubated for 2 hours in the presence or absence of 100 

U/mL recombinant human IFN-γ (rhIFN-γ; Immukine, Boehringer Ingelheim, Ingelheim 

am Rhein, Germany) or 500 ng/mL trimeric sCD40L (Life Technologies, Frederick, Md). 

Neutrophil apoptosis at different time points was analyzed by using flow cytometry after 

Annexin V–fluorescein isothiocyanate (FITC) staining, as previously described,44,45 in the 

presence or absence of a carboxy terminal phenoxy group conjugated to the amino acids 

valine and aspartate (Q-VD-OPh; 10 μmol/L; MP Biomedicals, Illkirch, France), which is a 

broad-spectrum caspase inhibitor with potent antiapoptotic properties.46

Neutrophil functions were analyzed, as previously described: phagocytic capacity was 

assessed in whole blood by using flow cytometry with propidium iodide–labeled 

Paracoccidioides brasiliensis47; respiratory burst (or production of reactive oxygen species 

[ROS]) was measured by using dihydrorhodamine and luminol-dependent 

chemiluminescence48,49; neutrophil extracellular trap (NET) release was investigated by 

fluorescence microscopy and quantified with Sytox Orange50,51; microbicidal activity was 

determined by counting colony-forming units (CFU)52; neutrophil phenotype (expression of 

maturation and activation markers) was evaluated by using flow cytometry53–55; and 

transcriptome profile was studied by using RNA sequencing (RNAseq).45 Details of each 

method used to investigate neutrophils from patients with CD40L deficiency, as well as 

studies performed with the promyelocytic leukemia cell line HL-60, are found in the 

Methods section in this article’s Online Repository at www.jacionline.org.

Neutrophil responses in CD40L-deficient mice

CD40L-deficient (CD40L−/−) mice were generously provided by Dr Richard Flavell 

(Department of Immunobiology, Yale University School of Medicine, New Haven, Conn) 

and have been described previously.56 Female C57BL/6 mice were purchased from Harlan 

Olac (Bicester, United Kingdom). All strains were bred at the animal facility in the Faculty 

of Medicine and Health Sciences (UAE University, Al Ain, United Arab Emirates), received 

rodent chow and water ad libitum, and were investigated at 8 to 12 weeks of age. All studies 

involving animals were carried out in accordance with and after approval of the animal 

research ethics committee of the Faculty of Medicine and Health Sciences, UAE University. 

Details of each method used to investigate neutrophil responses in CD40L-deficient mice 

can be found in the Methods section in this article’s Online Repository.

Statistical analysis

Statistical significance was assessed by using the nonparametric Mann-Whitney test. Data 

were expressed as medians ± SDs with 25th and 75th percentiles or means and SDs. 

Statistical analyses were performed with GraphPad Prism 5.01 software (GraphPad 

Software, San Diego, Calif), and differences with a P value of .05 or less were considered 

significant.
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RESULTS

ROS production by neutrophils from CD40L-deficient patients is reduced, with possible 
implications for their killing activity

In spite of normal phagocytic capacity (Fig 1, A), neutrophils from patients with CD40L 

deficiency displayed a reduced respiratory burst in response to P brasiliensis (Pb18, a highly 

virulent isolate52) when compared with healthy control subjects (Fig 1, B). The defect 

exhibited by neutrophils from CD40L-deficient patients was not restricted to this pathogen 

because they also showed a lower respiratory burst response on activation with phorbol 12-

myristate 13-acetate (PMA), N-formyl-methionyl-leucyl-phenylalanine (fMLP; but not 

statistically significant), and Staphylococcus aureus when compared with healthy control 

subjects (Fig 1, C). Of note, neutrophils from CD40L-deficient patients sometimes displayed 

a more vigorous respiratory burst after fMLP stimulation than those of healthy control 

subjects, although this was statistically not significant. This fact can be explained by 

previously reported observations, suggesting that blood neutrophils respond variably to 

stimuli, such as fMLP, because of the existence of at least 2 distinct subsets of peripheral 

blood neutrophils that are differentially primed in vivo and exhibit a diverse pattern of 

responses at sites of infection.57–60

Notably, a partially affected respiratory burst, which is an essential mechanism that confers 

host resistance against opportunistic pathogens,61 possibly affects the killing activity of 

neutrophils because dose-dependent inhibition of ROS production induced by catalase (a 

hydrogen peroxide scavenger) abolished the capacity of neutrophils from healthy control 

subjects to kill P brasiliensis (Fig 1, D and E). A strong correlation between the respiratory 

burst and inhibition of microbicidal activity was observed (Fig 1, F).

Moreover, NET release, which is a mechanism often associated with ROS production,50,51 

was impaired in human CD40L deficiency when neutrophils from patients were stimulated 

with PMA in comparison with those from healthy subjects (Fig 1, G, and see Fig E1 in this 

article’s Online Repository at www.jacionline.org).62 However, neither neutrophils from 

healthy control subjects nor those from CD40L-deficient patients released NETs in response 

to P brasiliensis (see Fig E1). The reasons for the differences between our finding and 

previous reports describing that P brasiliensis is able to induce NETs63,64 remain to be 

investigated. Of note is a previous report demonstrating that variations in the pattern of NET 

release occur when induced by distinct P brasiliensis strains65; in addition, differences in 

antigenicity have been associated with distinct isolates of P brasiliensis.66–68 Therefore these 

observations could explain the apparent opposite results.

rhIFN-γ improves defective respiratory burst and microbicidal activity of neutrophils from 
CD40L-deficient patients

We observed that rhIFN-γ alone was unable to significantly change the respiratory burst 

capacity of neutrophils from patients and healthy control subjects. However, rhIFN-γ 
enabled neutrophils from both CD40L-deficient patients and healthy control subjects to 

increase the PMA-induced respiratory burst (Fig 2, A). Although still showing a reduced 

respiratory burst compared with rhIFN-γ–primed neutrophils from healthy subjects, rhIFN-

Cabral-Marques et al. Page 5

J Allergy Clin Immunol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



γ priming significantly increased the PMA-induced respiratory burst of neutrophils from 

CD40L-deficient patients when compared with their unprimed neutrophils (Fig 2, A). We 

also incubated neutrophils in the presence of sCD40L, although it is not a therapeutic option 

for CD40L-deficient patients because the CD40L-CD40 interaction needs an endogenous 

tight regulation in vivo to avoid the development of severe side effects.37–39 Although it 

increased the neutrophil responses of both CD40L-deficient patients and healthy control 

subjects, sCD40L priming did not significantly increase the PMA-induced respiratory burst 

of neutrophils from patients when compared with their unprimed neutrophils.

Of note, neutrophils from CD40L-deficient patients showed reduced microbicidal activity 

when challenged with P brasiliensis (Fig 2, B). Similar to the effects on the respiratory burst, 

both rhIFN-γ and sCD40L increased the microbicidal activity of neutrophils from patients 

and healthy control subjects. However, only rhIFN-γ–primed neutrophils from CD40L-

deficient patients showed microbicidal activity comparable with that from untreated 

neutrophils from healthy control subjects (Fig 2, B).

Dysregulated transcriptome of neutrophils from CD40L-deficient patients is improved by in 
vitro treatment with rhIFN-γ

To gain insight into mechanisms by which IFN-γ alters immune responses of neutrophils 

derived from CD40L-deficient patients, we used a high-throughput approach. The 

transcriptome of patient-derived neutrophils was evaluated in the absence and presence of 

rhIFN-γ by using RNAseq.69–71 Because RNAseq analysis demands a large volume of 

blood to obtain sufficient neutrophil-derived mRNA,45 we had to consider ethical rules and 

limited the amount of blood that can be safely collected from the patients. Therefore we 

were only able to compare rhIFN-γ–treated (for 2 hours) but not sCD40L-treated 

neutrophils with resting neutrophils. RNAseq analysis of untreated neutrophils from 

CD40L-deficient patients demonstrated a functional network of 164 differentially expressed 

genes (DEGs; 24 downregulated and 140 upregulated) when compared with those from 

healthy control subjects (see Fig E2 in this article’s Online Repository at 

www.jacionline.org).72 Among others, the subsets of DEGs in neutrophils from CD40L-

deficient patients include genes directly linked to several immune response aspects, such as 

innate immune responses (GO:0045087), the oxidation-reduction process (GO:0055114), 

and genes regulating cell/myeloid differentiation (GO:0030154/GO:0030099; Table I).73–76

Subpathway analysis of DEGs involved in the innate immune responses using the Reactome 

Knowledge base77,78 revealed that the IFN-γ signaling pathway is severely impaired in the 

absence of CD40L (Fig 2, C), suggesting an explanation for why the function of peripheral 

neutrophils from CD40L-deficient patients improved when exposed to rhIFN-γ. 

Furthermore, in agreement with previous reports indicating that IFN-γ priming triggers de 
novo mRNA synthesis,33,79 the addition of rhIFN-γ to neutrophil cultures improved broadly 

the pattern of gene expression in neutrophils from CD40L-deficient patients, reducing the 

number of DEGs to 21 genes (Fig 2, D and E). Taken together, our data suggest that rhIFN-

γ improves the dysregulation of a network of molecular interactions in peripheral 

neutrophils from CD40L-deficient patients.
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Neutrophils from CD40L-deficient patients exhibit an immature phenotype

Functional defects of neutrophils from CD40L-deficient patients are associated with DEGs 

involved in cell/myeloid differentiation, thus indicating the presence of immature 

neutrophils in the blood circulation. In accordance with this, despite normal expression of 

molecules associated with the myeloid cell lineage (CD15, CD18, CD11b and CD11c, 

CD35, CD63, and CD66b), neutrophils from CD40L-deficient patients demonstrated 

reduced expression of CD16 (Fig 3, A and B), a typical marker of neutrophil maturation.80 

Of note, neither rhIFN-γ nor sCD40L was able to increase CD16 expression by neutrophils 

from CD40L-deficient patients (data not shown), indicating a nonredundant role of CD40L-

CD40 interaction for the early stages of myeloid cell differentiation. On the other hand, 

neutrophils from CD40L-deficient patients displayed normal kinetics of the expression of 

phosphatidylserine on the outer leaflets of their cell membrane in a caspase-dependent 

manner (Fig 3, C and D, and see Fig E3 in this article’s Online Repository at 

www.jacionline.org),44–46 as well as normal expression of the activation marker CD62 

ligand (CD62L) at resting state, when compared with those from healthy control subjects 

(Fig 3, E). These findings indicate that the reduced CD16 expression on patients’ neutrophils 

did not reflect the influence of neutrophils undergoing apoptosis or activation.81–83 

However, despite the normal expression of several Toll-like receptors (TLRs; TLR1, TLR2, 

TLR4, and TLR6; Fig 3, F), the shedding of CD62L from neutrophils from CD40L-deficient 

patients was slightly decreased in response to PMA and LPS but statistically significant only 

when activated by the TLR1/TLR2 agonist Pam3CSK in comparison with healthy control 

subjects (Fig 3, E). Neither rhIFN-γ nor sCD40L was able to improve the shedding of 

CD62L molecules by neutrophils from CD40L-deficient patients (data not shown), thus 

suggesting that the absence of CD40L results in multiple neutrophil functional defects.

At the latest stage of the study, patients P1 to P3 underwent hematopoietic stem cell 

transplantation, patient P4 died in a cachectic state after recurrent diarrhea caused by the 

concomitant occurrence of refractory Cryptosporidium parvum and Mycobacterial 
tuberculosis infection, and patient P6 had severe and refractory leishmaniosis and has been 

hospitalized for more than 2 months. Therefore experiments to evaluate the simultaneous 

expression of CD62L and CD11b on neutrophils, which are both adhesion molecules well 

known to be downregulated and up-regulated, respectively, by means of cell activation84,85 

could only be performed with neutrophils from patient P5. Although CD62L shedding in 

response to PMAwas robust by neutrophils from both the control subject and patient P5, 

CD62L shedding in response to fMLP was less profound (see Fig E4, A, in this article’s 

Online Repository at www.jacionline.org). CD11b, on the other hand, was downregulated by 

exposure to PMA but upregulated by fMLP (see Fig E4, B). These results do not support a 

clear correlation between CD62L shedding and CD11b upregulation. A possible explanation 

for this abnormal pattern of CD62L shedding and CD11b upregulation could be provided by 

the neutrophil isolation method we used because washing steps and erythrocyte lysis are 

known to upregulate the expression of CD11b by neutrophils.84
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Impaired neutrophil immune responses in CD40L−/− mice resemble defects shown by 
neutrophils of CD40L-deficient patients

To exclude the possibility that differences shown by neutrophils from CD40L-deficient 

patients are age related or secondary to infections and/or therapies to which the patients are 

being subjected, we evaluated whether CD40L−/− mice also present neutrophil defects in 

response to infection with attenuated Salmonella enterica serovar Typhimurium (BRD509). 

CD40L−/− mice showed a significantly reduced number of neutrophils in the peritoneal 

cavity in response to intraperitoneal injection of thioglycollate or BRD509 in comparison 

with wild-type mice (Fig 4, A). In parallel, CD40L−/− mice were unable to control bacterial 

proliferation in the peritoneal cavity (Fig 4, B), and their neutrophils displayed reduced 

respiratory burst (Fig 4, C) while maintaining normal phagocytic capacity (Fig 4, D).

sCD40L accelerates differentiation of the human promyelocytic cell line HL-60

Our findings suggesting defects in maturation and function of neutrophils in the absence of 

CD40L-CD40 signaling are in agreement with previous reports demonstrating that CD40L-

CD40 interaction modulates the development of myeloid cells by regulating the milieu of 

cytokines in the bone marrow microenvironment.14,18,19 Therefore we hypothesized that the 

defects we observed could, at least in part, be explained by defective CD40L-CD40 

signaling required for maturation of myeloid cells. To investigate this possibility, because 

bone marrow–derived cells from CD40L-deficient patients could not be obtained for 

investigation, we assessed the effects of CD40L-CD40 interaction on maturation of the 

promyelocytic leukemia cell line HL-60, an often used in vitro model to study the 

development of myeloid cells.86–88 Cell viability in the presence of dimethyl sulfoxide 

(DMSO), a chemical agent traditionally used to induce granulocyte differentiation,86 and/or 

sCD40L was not different than the viability of untreated HL-60 cells during 6 days of 

culture (see Fig E5 in this article’s Online Repository at www.jacionline.org). RNAseq 

analysis of HL-60 cells demonstrated that sCD40L induced upregulation of 62 genes and 

downregulation of 19 genes compared with untreated HL-60 cells. Likewise, sCD40L 

induced upregulation of 19 genes and downregulation of 26 genes in HL-60 cells treated 

with DMSO plus sCD40L when compared with those cultured in the presence of DMSO 

alone (Fig 5, A, and Table I). The functional association network of HL-60 genes affected by 

sCD40L is demonstrated in Fig E6 in this article’s Online Repository at www.jacionline.org.
72 Considering the malignant features of HL-60 cells, it is not surprising that the sCD40L-

induced genes were not the same DEGs displayed by neutrophils from CD40L-deficient 

patients. Nevertheless, the HL-60 genes controlled by sCD40L belong to the same Gene 

Ontology categories (eg, innate immune response, GO:0045087; oxidation-reduction 

process, GO:0055114; and genes regulating cell/myeloid cell differentiation, GO:0030154/ 

GO:0030099) when compared with DEGs of peripheral blood neutrophils from CD40L-

deficient patients (Fig 5, A, and Table I).

Except for a slight reduction in CD40 expression, when HL-60 cells were cultured in the 

presence of DMSO, sCD40L, or both, we did not observe phenotypic changes (eg, 

alterations in the expression of CD15 and CD16) by HL-60 cells in the presence of sCD40L 

(Fig 5, B). This suggests that the direct effects of sCD40L on regulation of CD16 (and 

consequently cell maturation) occur at early stages of hematopoietic cell differentiation or, 
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alternatively, that additional factors modulate CD16 expression. On the other hand, although 

DMSO inhibited HL-60 cell proliferation, sCD40L accelerated HL-60 proliferation 

significantly (Fig 5, C). Moreover, as previously demonstrated,87,89 DMSO-induced 

differentiation enabled HL-60 cells to migrate toward an fMLP gradient. Addition of 

sCD40L to the culture alone did not influence the migratory capacity of HL-60 cells. 

However, sCD40L stimulation in conjunction with DMSO increased both spontaneous 

(without chemoattractant) and fMLP-induced migration of HL-60 cells (Fig 5, D).

Of note, sCD40L in the presence of DMSO significantly increased the PMA-stimulated 

respiratory burst of HL-60 cells (Fig 5, E) when compared with cell cultures only in the 

presence of DMSO. However, PMA-stimulated HL-60 cells cultured in both conditions, 

DMSO alone or DMSO plus sCD40, showed a very low response in terms of respiratory 

burst, which was comparable with the response of resting peripheral blood neutrophils from 

healthy control subjects (Fig 5, F). This fact is in agreement with previous reports showing 

that although HL-60 cells acquire certain characteristics of mature neutrophils, the 

magnitude of their respiratory burst response is significantly lower compared with that of 

primary blood-derived neutrophils.90,91 This might be the reason for not observing even a 

slight effect of sCD40L on microbicidal activity when comparing DMSO-differentiated with 

sCD40L plus DMSO–differentiated HL-60 cells (Fig 5, G). However, although sCD40L 

alone did not increase the respiratory burst of HL-60 cells, it was able to enhance their 

killing capacity in comparison with untreated cells, suggesting that ROS-independent 

microbicidal mechanisms are also affected by sCD40L during cell development, a 

possibility requiring future investigation. As previously reported,92 another peculiarity 

observed was the fact that 100 U/mL IFN-γ added to the culture of malignant hematologic 

HL-60 cells induced rapid cell death with only 10% or less of cells remaining alive after 3 

days of culture (data not shown).

DISCUSSION

The present work suggests that in addition to the often reported episodic, cyclic, or chronic 

neutropenia,20,21 CD40L-deficient patients also have functional defects of peripheral blood 

neutrophils caused by abnormalities in myeloid development (Fig 6). This is not due to the 

age difference between our CD40L-deficient patients (8–22 years of age when studied) and 

control subjects (age range, 23–30 years) because CD40L-deficient mice challenged with the 

attenuated Salmonella strain BRD509 showed similar neutrophil defects. Furthermore, as we 

routinely observe in our diagnostic laboratory, infants suspected wrongly to have chronic 

granulomatous disease (CGD), when tested for phagocyte defects (as we assessed in this 

study), had normal phagocyte responses that were comparable with those of healthy young 

adult control subjects.40 In addition, after the first year of life, infants have consistently 

normal neutrophil counts and function (eg, chemotaxis; migration; phagocytosis; respiratory 

burst; expression of maturation markers, such as CD16; and microbicidal activity) when 

compared with adults.93–95

Of note, different to the constant B-cell defects identified in patients with X-linked hyper-

IgM syndrome, we hypothesize that the defects we report here might follow the intermittent 

pattern of neutrophil counts characterized by episodic, cyclic, or chronic neutropenia 
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frequently associated with this immune defect.96 If that is the case, future studies clarifying 

the periodicity and rhythm of these neutrophil functional defects, as well as which factors 

determine their occurrence and at what age they become more frequent, will be relevant to 

improve the treatment of CD40L deficiency.

Respiratory burst defects are associated with markedly reduced ROS production by 

phagocytes caused by intrinsic defects of the nicotinamide adenine dinucleotide phosphate 

oxidase components. These defects commonly cause CGD,97 a severe innate immune 

deficiency rendering affected patients susceptible to recurrent life-threatening infections.
97–99 Notably, patients with CGD and female carriers of X-linked CGD with only slightly 

affected respiratory burst can also experience recurrent and severe infections caused by 

opportunistic intracellular bacteria and fungi.98,100 In agreement, our findings suggest that 

even partially impaired respiratory burst shown by neutrophils and previously by 

macrophages40 from CD40L-deficient patients contributes to their increased susceptibility to 

infection. Furthermore, correlating the dose-dependent inhibition of the respiratory burst by 

catalase with reduced killing of P brasiliensis killing by neutrophils from healthy subjects is 

in line with the existence of an ROS-dependent mechanism of microbial killing.101

The high morbidity and mortality rates of insufficiently treated CD40L-deficient 

patients20,21,23,25 emphasize the need for novel therapeutic options. Although sCD40L 

priming improved the response of neutrophils from CD40L-deficient patients,13 the 

improvement in neutrophil responses was far less than that shown by rhIFN-γ, which is 

known to have a priming effect on the respiratory burst and fungicidal activity of peripheral 

blood neutrophils.32,33 Similarly, in vivo treatment with recombinant sCD40L is insufficient 

to completely correct the effect of CD40L deficiency on adaptive immune responses.102 In 

line with previous reports demonstrating a role of CD40L-CD40 stimulation during 

myelopoiesis,14,18,103,104 our finding of significant effects of sCD40L on the maturation of 

HL-60 cells suggests that sCD40L not only affects mature immune cells but that the CD40L-

CD40 interaction is also required for the early development and maturation of hematopoietic 

cells in primary lymphoid organs. In accordance with this, levels of neither sCD40L nor 

rhIFN-γ increased CD16 (a glycosylphosphatidylinositol [GPI]–anchored protein serving as 

maturation marker for neutrophils) expression on the surfaces of neutrophils from CD40L-

deficient patients and addition of sCD40L did not enhance the expression of CD16 by 

HL-60 cells, suggesting that CD40L-CD40 signaling is most important during the earliest 

stages of hematopoiesis.

A recent study of bone marrow from CD40L-deficient mice suggested that CD40L controls 

hematopoietic stem and progenitor cell biology by inducing adhesion-mediated quiescence,
105 which is an actively maintained state in which signaling pathways are involved in 

maintaining a poised state that allows rapid activation.106 Other reports have described the 

effects of CD40L-CD40 interaction on hematopoietic progenitor cell proliferation and 

differentiation.107,108 Multidimensional flow cytometric studies of normal human bone 

marrow aspirates demonstrate that expression of FcγRIIIB (also known as CD16) correlates 

with maturation stages of neutrophils. CD16 expressed on promyelocytic cells is upregulated 

during the different stages of neutrophil development, reaching its highest expression at late 

maturation stages (metamyelocytes and mature neutrophils).53,109 Mechanistically, 
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downregulation of CD16 expression by neutrophils from CD40L-deficient patients is likely 

not due to impaired synthesis of the GPI anchor moiety because their neutrophils expressed 

CD66b (another GPI-anchored protein)110 normally when compared with healthy control 

subjects. Of note, CD40L stimulation was shown to enhance the proliferation and 

differentiation of CD34+ progenitor cells toward the myeloid lineage by regulating the 

network of several pleiotropic hematopoietic growth factors that are present in the bone 

marrow, such as production of Fms-like tyrosine kinase 3 ligand, G-CSF, and GM-CSF by 

bone marrow stromal cells.14,18,111,112 Therefore multiple cytokine/growth factor pathways 

remain to be investigated to better understand the neutrophil functional and maturation 

defects in CD40L deficiency reported here.

Historically, peripheral blood neutrophils have been thought not to be able to significantly 

change their transcriptome profile. However, this concept has been revised when a 

significant change in the gene expression profile of peripheral neutrophils was observed in 

response to priming cytokines.33,45 In agreement, we found that rhIFN-γ shifted the 

transcriptome of peripheral blood neutrophils from CD40L-deficient patients toward that of 

neutrophils from healthy control subjects, thus improving the responses of neutrophils 

deprived of CD40L-CD40 interaction during development.14,18,103,104 These observations 

are in line with the essential need of proper control of gene expression for normal myeloid 

cell development and function.86,113,114

In concurrence with the network view of the immune system orchestrated by a system-wide 

intercommunication between a variety of cells and soluble molecules,115–118 the study of 

CD40L-deficient patients demonstrates that CD40L-CD40 interaction, which was initially 

thought to be involved predominantly in regulation of B-cell maturation and 

immunoglobulin class-switch recombination, plays a broader role and is essential for the 

development and maturation of the adaptive and innate immune system. An important 

question raised by the data presented here relates to the previously reported defects in the 

function of T cells,26 dendritic cells,27,28 and macrophages40 in the absence of CD40L-

CD40 signaling. Are these abnormalities caused by the absence of CD40L-CD40 interaction 

in the peripheral immune system, or does the absence of this interaction affect hematopoietic 

cell development in central lymphoid organs?

Taken together, the data presented here provide new insights into the role played by CD40L/

CD40 interaction in innate immunity. We have extended our previously reported findings 

obtained from studying macrophages40 to neutrophils, suggesting that the defective function 

of phagocytes in the setting of CD40L deficiency can be improved by rhIFN-γ. Such 

adjuvant therapy could be considered a potential option for CD40L-deficient patients in 

cases of life-threatening refractory tract infections or even as a prophylactic therapy 

administered in a similar way as to patients with CGD.

METHODS

Analysis of neutrophils from CD40L-deficient patients

Phagocytosis—Neutrophil phagocytic capacity was analyzed in whole blood by using 

flow cytometry with propidium iodide–labeled P brasiliensis, as previously described.E1 
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After 1 hour of incubation at 37°C, red blood cells were lysed with a red blood cell lysis 

solution (Qiagen, Santa Clarita, Calif). Neutrophils were stained with anti-CD15, and 

phagocytosis was analyzed by using flow cytometry.

Analysis of neutrophil respiratory burst—Neutrophil respiratory burst was evaluated, 

as previously described.E2 Cells were stimulated with PMA (300 ng/mL; Sigma-Aldrich, St 

Louis, Mo), fMLP (50 nmol/L; Sigma-Aldrich), or heat-killed S aureus for 1 hour at 37°C 

followed by dihydrorhodamine 123 (Sigma-Aldrich) staining. Neutrophils were stained with 

anti-CD15 and analyzed by using flow cytometry. Results were expressed as mean 

fluorescence intensity (MFI). Neutrophil respiratory burst was also measured based on 

luminol-dependent chemiluminescence, as previously described.E3 In brief, 2 × 105 

neutrophils in the absence or presence of PMA (300 ng/mL) and luminol (1 mmol/L; Sigma-

Aldrich) were monitored by means of chemiluminescence for 2 hours with a microplate 

luminometer reader (EG&G Berthold LB96V, Bad Wildbad, Germany). The results were 

expressed as relative light units during the observation period and shown as a percentage of 

control cells in relation to the PMA-induced respiratory burst of neutrophils from healthy 

control subjects. When indicated, experiments were performed in the presence or absence of 

different catalase concentrations (100, 300, and 1000 U/mL; Sigma-Aldrich) and P 
brasiliensis (Pb18; a highly virulent isolate).E4

NET release by neutrophils—NET release was analyzed, as previously described.E5,E6 

In brief, after PMA (100 ng/mL) or P brasiliensis (1 neutrophil/2 fungi) stimulation for 4 

hours, neutrophils from control subjects were seeded on glass coverslips, fixed with PBS 

plus 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked with 3% 

BSA. Samples were incubated with primary antibody to the histone complex (H2A-H2B; 

kindly provided by Professor Dr Arturo Zychlinsky from the Department of Cellular 

Microbiology, Max Planck Institute for Infection Biology, Berlin, Germany) and anti-

neutrophil elastase mAbs, followed by exposure to a secondary antibody and nuclear 

staining with Hoechst dye. Cells were analyzed by using fluorescence microscopy. In 

addition, NET formation was quantified by using Sytox Orange, and results were expressed 

in relative fluorescence units, as previously described.E7

Microbicidal activity—Neutrophil microbicidal activity was analyzed by means of 

challenge with the fungus P brasiliensis and determined by determining CFU values, as 

previously described, with few modifications.E4 Briefly, neutrophils were suspended in 200 

μL of RPMI 1640 in 96-well round-bottom cell-culture microplates and challenged with P 
brasiliensis at a ratio of 2:1 (neutrophils/fungus). After a 2-hour incubation at 37°C, plates 

were centrifuged and washed, supernatants containing noningested microorganisms were 

discarded, and plates were washed. Neutrophils were lysed with chilled (4°C) ultrapure 

water. P brasiliensis CFU values were determined 5 days after the lysates were cultured at 

35°C on brain-heart infusion agar (Difco, Detroit, Mich) in plates containing 4% (vol/vol) 

normal horse serum (Instituto Butantan, São Paulo, Brazil) and 5% P brasiliensis (Pb192) 

culture filtrate. The CFU index was determined in relation to CFU values of unchallenged 

neutrophils from healthy control subjects.
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Neutrophil phenotyping—Expression of neutrophil maturation markers (CD15, CD16, 

CD18, CD11b, CD11c, CD35, CD63, and CD66b; all from BD Biosciences, San Jose, Calif) 

was analyzed in whole blood after red blood cell lysis by using RBC Lysis Solution 

(Qiagen), according to the manufacturer’s instructions. After staining with fluorophore-

conjugated mAbs (Becton Dickinson, Mountain View, Calif), cells were analyzed by using 

flow cytometry on a BD FACSCanto II Cytometer, and neutrophils were gated according to 

size (forward scatter) and granularity (side scatter). The MFI for expression of each 

molecule was obtained by using FlowJo software (TreeStar, Ashland, Ore).

RNAseq and data processing—Neutrophil transcriptome profiles from 3 CD40L-

deficient patients and 3 healthy control subjects were analyzed, as previously described.E8 

Total RNAwas obtained by using TRIzol (Invitrogen, Carlsbad, Calif), according to the 

manufacturer’s instructions. RNA integrity and concentration were assessed by using the 

Agilent 2100 Bio-analyser RNA Nano chip (Agilent, Santa Clara, Calif) and orthogonally 

validated by means of visualization of the integrity of the 28S and 18S bands on an agarose 

gel. cDNA libraries were obtained by using the Illumina CBot station and HiScanSQ with 

the Illumina TruSeq RNA Sample Preparation Kit (Illumina, San Diego, Calif), according to 

each manufacturer’s instructions. Sequencing was carried out with the Illumina HiSeq 2000 

paired-end 100-bp (PE 100) system. Bioinformatics analysis of data obtained was 

performed, as previously described.E9 The protocol of the transcriptome analysis and data 

obtained were submitted to ArrayExpress and are publicly available at http://www.ebi.ac.uk/

arrayexpress/experiments/E-MTAB-5316.

Assessment of CD62L shedding—We evaluated the expression and shedding of 

membrane-bound L-selectin (CD62L) using flow cytometry, as previously described.E10 In 

brief, after neutrophil TLRs bind their ligands, signaling pathways are activated, triggering 

CD62L shedding. Briefly, 100 μL of whole blood was incubated for 1 hour without 

stimulation or with PMA (400 ng/mL), synthetic triacylated lipopeptide Pam3CSK4 (1 

μg/mL, a TLR1/2 agonist; InvivoGen, Carlsbad, Calif), or LPS (100 ng/mL, a TLR4 agonist; 

Sigma-Aldrich) at 37°C in a 5% CO2 atmosphere. After erythrocyte lysis, cells were 

washed, stained with anti-human CD62L antibody (BD Biosciences), and analyzed by using 

flow cytometry. When indicated, CD62L shedding was analyzed simultaneously with 

CD11b expression. MFIs of CD62L and CD11b expression from stimulated cells were 

compared with the MFIs of unstimulated cells.

Analysis of HL-60 cell responses

HL-60 cells, a useful model for myeloid differentiation, were cultured for 6 days, as 

previously described,E11 in the presence or absence of 500 ng/mL sCD40L, 1.0% DMSO, or 

both. After 6 days of incubation, cells were harvested and counted, and cell viability was 

determined by using Trypan blue exclusion and the LIVE/DEAD Viability/Cytotoxicity Kit 

(Thermo Fisher Scientific, Waltham, Mass), according to the manufacturer’s instructions.

To assess the HL-60 maturation state, we analyzed the respiratory burst, fungicidal activity, 

and transcriptome profile, as described above, for neutrophils from CD40L-deficient 
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patients. Their migration was analyzed by using the transwell migration assay (24-well 

plate; Corning, Corning, NY), as previously described.E12

Neutrophil responses in CD40L-deficient mice

Bacterial strains and growth conditions—The characteristics of the bacterial strains 

used here have been published elsewhere.E13–E15 BRD509 is an attenuated aroA−/aroD− 

mutant strain of Salmonella enterica serovar Typhimurium, which is approximately 10,000-

fold less virulent than the parental SL1344 strain from which it was derived.E16 Aliquots of 

frozen bacteria were routinely plated on Salmonella shigella agar in the presence of 

ampicillin and grown overnight at 37°C. Log-phase bacterial suspensions were prepared in 

pyrogen-free saline and injected intraperitoneally at a volume of 0.5 mL. Bacterial doses 

were confirmed based on CFU plate counts.

Enumeration of bacteria in the peritoneal cavity—Quantification of bacterial loads 

in the peritoneal cavity was carried out, as previously described.E17 Mice (3 per group) were 

killed at 24 to 72 hours after inoculation. Peritoneal lavage was performed with cold Ca2+- 

and Mg2+-free saline, and aliquots were centrifuged at 2500g for 5 minutes and resuspended 

in sterile water. Aliquots (in a volume of 50–100 μL) or appropriate dilutions thereof were 

plated on Salmonella shigella agar plates, and viable CFU values were determined after an 

overnight incubation.

Flow cytometric analysis of peritoneal exudate cells—Peritoneal exudate cells 

(PECs) were analyzed, as previously described.E18 Briefly, PECs were suspended to a 

concentration of 5 × 106/mL, and 100-mL aliquots were dispensed into wells of a round-

bottom 96-well plate. Cells were preincubated with anti-CD16/CD32–specific mAb (clone 

2.4G2; BD Biosciences) for 30 minutes on ice to block FcγIII/II receptor sites. Analysis of 

PECs was carried out by means of 6-color flow cytometric analysis, according to a standard 

procedure,E19 after staining cells with the following panel of conjugated mAbs: CD3-FITC, 

CD19–phycoerythrin (PE), CD8–allophycocyanin (APC), CD4–PE-Cy7, and CD11b–APC-

Cy7 (all from BioLegend, San Diego, Calif). Analysis of myeloid cell subpopulations was 

carried out with a second panel of mAbs: CD11b–APC-Cy7, F4/80–PE-Cy7, Ly6C-PE, 

Ly6G-APC, and anti–MHC class II–FITC (BioLegend). The viability dye 7AAD 

(BioLegend) was used with each panel of mAbs to exclude nonviable cells from the 

analysis. Data were collected on 30,000 cells by using a FACS-Canto II (BD Biosciences) 

and analyzed with FACSDiva software (BD Biosciences).

Measurement of neutrophil phagocytic activity—Twenty-four hours after 

challenging mice with BRD509, the phagocytic potential of PECs was assessed by using a 

flow cytometry–based phagocytosis assay kit (catalog no. 500290) from Cayman Chemical 

(Cayman Pharma, Neratovice, Czech Republic), according to the manufacturer’s 

instructions. Twenty-four hours after challenging mice with BRD509, PECs were incubated 

with rabbit IgG-FITC–labeled latex beads for 3 hours at 37°C, followed by surface staining 

with a panel of mAbs, including CD11b–APC-Cy7, F4/80–PE-Cy7, Ly6C-PE, and Ly6G-

APC (BioLegend). Cells were then further processed and analyzed by using flow cytometry, 

as described above.
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Measurement of intracellular ROS—ROS production was measured by using flow 

cytometry with 2′,7′–dichlorofluorescein diacetate (Sigma-Aldrich) as a fluorescent probe, 

according to an established protocol.E20 Briefly, 24 hours after challenging mice with 

BRD509, PECs were stained with 5 μmol/L 2′,7′–dichlorofluorescein diacetate for 30 

minutes at 37°C in the dark. Cells were then washed, resuspended, and surface stained with 

mAbs (CD11b–APC-Cy7, F4/80–PE-Cy7, Ly6C-PE, and Ly6G-APC), followed by analysis 

on FACSCanto II, as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

APC Allophycocyanin

CD40L CD40 ligand

CD62L CD62 ligand

CFU Colony-forming units

CGD Chronic granulomatous disease

DEG Differentially expressed gene

DMSO Dimethyl sulfoxide

FITC Fluorescein isothiocyanate

fMLP N-formyl-methionyl-leucyl-phenylalanine

G-CSF Granulocyte colony-stimulating factor

GPI Glycosylphosphatidylinositol

MFI Mean fluorescence intensity

NET Neutrophil extracellular trap

PE Phycoerythrin

PEC Peritoneal exudate cell
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PMA Phorbol 12-myristate 13-acetate

Q-VD-OPh Carboxy terminal phenoxy group conjugated to the amino acids 

valine and aspartate

rhIFN-γ Recombinant human IFN-γ RNAseq, RNA sequencing

ROS Reactive oxygen species

sCD40L Soluble CD40 ligand

TLR Toll-like receptor
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Clinical implications

Neutrophils from CD40L-deficient patients display defective development and function 

that are not corrected by therapies currently available. The improved function of CD40L-

deficient neutrophils achieved by rhIFN-γ suggests a new potential therapeutic 

application for this cytokine.
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FIG 1. 
Defective respiratory burst in the seting of CD40L deficiency and its relation to neutrophil 

microbicidal activity. A, Neutrophils from CD40L-deficient patients (n = 6) exhibit normal 

phagocytic capacity compared with those from healthy control subjects. B and C, The 

neutrophil respiratory burst from CD40L-deficient patients was assessed by using 

dihydrorhodamine (DHR) analysis in response to P brasiliensis (Fig 1, B), as well as PMA, 

fMLP, or S aureus (Fig 1, C), from 6 independent experiments comparing each CD40L-

deficient patient with different healthy control subjects. Results were expressed as MFI (n = 

6; *P ≤ .05, Mann-Whitney test). D, Respiratory bursts from neutrophils from healthy 

control subjects treated with various concentrations of catalase were analyzed by using 

luminol-enhanced chemiluminescence; values were expressed as relative light units (RLU). 
E, After challenging neutrophils with P brasiliensis (ratio of 2 neutrophils/1 fungus), 

microbicidal activity was assessed based on CFU values from recovering internalized fungi. 

CFU values (percentage of controls) were determined in relation to CFU numbers of 

untreated neutrophils from healthy control subjects. Both the respiratory burst and 

microbicidal activity of neutrophils from healthy control subjects were assessed in the 

presence of different doses of catalase (100, 300, and 1000 U/mL). F, Correlation between 

respiratory burst (data set from Fig 1, D) and microbicidal activity (data set from Fig 1, E) 

reduction was assessed by using Pearson correlation analysis (n = 3). G, Quantification of 

NETs release by isolated neutrophils from CD40L-deficient patients in comparison with 

healthy control subjects. After incubation for 4 hours in the presence of PMA, NET release 

(n = 5) was analyzed by using Sytox Orange, and results were expressed in relative 

fluorescence units (RFU), as previously described.62 Patient 4 died before NET analysis was 
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available. Significant differences are denoted by asterisks at a P value of .05 or less (Mann-

Whitney test).
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FIG 2. 
rhIFN-γ improves defects of neutrophil microbicidal activity and respiratory burst, as well 

as differences in the transcriptome observed in patients with CD40L deficiency. A, 
Neutrophil respiratory burst was analyzed by using a luminol-enhanced chemiluminescence 

assay, and values are expressed as relative light units (RLU). The respiratory burst of PMA-

stimulated neutrophils from healthy control subjets was considered 100% (n = 6; P ≤ .05, 

Mann-Whitney test). B, After challenging neutrophils with P brasiliensis (ratio of 2 

neutrophils/1 fungus), microbicidal activity was assessed by determining CFU values from 

recovering internalized fungi. CFU values (percentage of control values) were determined in 

relation to CFU values of untreated neutrophils from healthy control subjects. Before the 

analysis, neutrophils remained without (−) or with (+) sCD40L (500 ng/ mL) or rhIFN-γ 
(100 U/mL) for 2 hours. Untreated neutrophils from healthy control subjects were 

considered to have a microbicidal activity of 100%. *P ≤ .05. NS, Not significant. C, 
Functional network analysis of DEGs in neutrophils from CD40L-deficient patients was 

performed by using the Reactome Knowledgebase (http://reactome.org/), which indicated 
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that IFN-γ signaling is significantly (P = 1.11 × 10−16; false discovery rate = 8.44 × 10−15) 

impaired in the absence of CD40L-CD40 interaction. The figure shown is a zoomed image 

of the genome-wide hierarchical visualization of Reactome pathways in a space-filling 

graphic obtained from the analysis of DEGs in human CD40L deficiency. D, Heat maps of 

dysregulated genes of neutrophils from CD40L-deficient patients and effect of rhIFN-γ. 

mRNA from neutrophils was sequenced by using RNAseq. Values in transcripts per million 

are represented in the heat maps on a Log2 scale in which yellow shows low expression and 

blue shows high expression. Results of lack of treatment (left panel) and in vitro treatment 

with rhIFN-γ (100 U/mL) for 2 hours (right panel) are shown in the heat map. DEGs in 

patients’ neutrophils are compared with those from healthy control subjects; the addition of 

rhIFN-γ to neutrophil cultures improved the pattern of gene expression by CD40L-deficient 

neutrophils, reducing the number of DEGs from 164 to 21 genes. E, Principle component 

analysis of all DEGs observed in neutrophils from 3 CD40L-deficient patients was 

performed with Perseus (MaxQuant, v1.11; Martinsried, Germany), showing that rhIFN-γ 
regulates the transcriptome of neutrophils from healthy control subjects and patients, thus 

reducing differences in the pattern of gene expression of both groups.

Cabral-Marques et al. Page 30

J Allergy Clin Immunol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cabral-Marques et al. Page 31

J Allergy Clin Immunol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG 3. 
Reduced CD16 expression suggests abnormal development of neutrophils in the setting of 

CD40L deficiency. A, Histograms obtained by using flow cytometric analysis showing 

expression of different molecules on neutrophils from CD40L-deficient patients and healthy 

control subjects. Selectively reduced CD16 expression is identified with an arrow. B, 
Graphics displaying reduced CD16 expression by neutrophils from CD40L-deficient 

patients compared with those from healthy control subjects. C and D, Dot plots displaying 

kinetic measurement of phosphatidylserine on the outer leaflet of the cell membrane by 

using an Annexin V–FITC single staining assay, as previously described,44,45 suggesting no 

alterations in patients’ neutrophil apoptosis over a short (0 to 8 hours; Fig 3, C) or after a 

longer (18 hours) period in the presence of IFN-γ or sCD40L when compared with healthy 

control subjects (Fig 3, D). Neutrophils were analyzed in the presence or absence of the 

broad-spectrum caspase inhibitor Q-VD-OPh. Graphic data are shown in Fig E3. SSc, Side 

scatter. E, Graphics showing levels of CD62L expression at rest and after activating 

neutrophils with PMA and TLR agonist (Pam3CSK4-TLR1/2 agonist; LPS-TLR4 agonist). 

F, Expression of TLRs on neutrophils from patients and heathy control subjects. Cells were 

analyzed by using flow cytometry. A significant difference is denoted by an asterisk (n = 5; 

P < .05, Mann-Whitney test).
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FIG 4. 
CD40L-deficient mice show defective neutrophil responses in vivo. A, Recruitment of 

neutrophils to the peritoneal cavity from wild-type and CD40L (CD154)–deficient 

(CD154−/−) mice (3 per group) was assessed 0, 24, 48, and 72 hours after inoculation with 

thioglycollate (TG) or challenge with BRD509, an attenuated aroA−/aroD− mutant strain of 

Salmonella enterica serovar Typhimurium. B–D, All experimental procedures, including 

control of bacterial proliferation (Fig 4, B), neutrophil respiratory burst (Fig 4, C), and 

phagocytic activity (Fig 4, D), are described in detail in the Methods section in this article’s 

Online Repository. Neutrophil phagocytic activity and respiratory burst capacity were 

analyzed 24 hours after challenging mice with BRD509. *P ≤ .05.
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FIG 5. 
sCD40L regulates promyelocytic cell development. A, Heat map showing that sCD40L 

induces transcriptome alterations in the promyelocytic HL-60 cells. HL-60 cells were 

incubated for 48 hours in the absence and presence of 500 ng/mL sCD40L, 1% DMSO, or 

both before RNAseq analysis. In the heat map the results obtained in transcripts per million 

(TPM) are represented in a Log2 scale, where yellow shows low expression and blue shows 

high expression. Gene Ontology analysis of genes upregulated or downregulated by sCD40L 

compared with untreated cells or DMSO-treated versus DMSO plus sCD40L–treated cell are 

listed in Table I. A pool of 3 independent cultures of HL-60 cells in which every 

experimental condition (resting, DMSO, sCD40L, and DMSO plus sCD40L) has been 

performed in triplicates. B, Histograms obtained by using flow cytometric analysis showing 

expression of CD15, CD16, and CD40 on HL-60 cells. C, Equal numbers of promyelocytic 

HL-60 cells were distributed in 6-well plates and cultured in the presence or absence of 1% 

DMSO, 500 ng/mL sCD40L, or both. After 6 days, cells were harvested and counted, and 

cell viability was assessed (see Fig E4). D, HL-60 migration was assessed by using a 
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transwell migration assay. Microscopic images display cells that migrated. Data shown are 

representative of 3 independent experiments performed in triplicates. E, Respiratory burst of 

HL-60 cells was induced by PMA (90 mmol/L) and analyzed with a luminol-enhanced 

chemiluminescence assay. Values are expressed as relative light units (RLU). F, Comparative 

graphics showing the kinetics of respiratory burst of HL-60 cells (upper left panel), 
neutrophils (upper right panel), and both overlapping (lower panel). G, HL-60 cells were 

challenged with P brasiliensis (ratio of 2 neutrophils/1 fungus), and their microbicidal 

activity was assessed by counting CFU values from recovering internalized fungi. CFU 

values (in percentages) were determined in relation to CFU numbers of untreated HL-60 

cells. *P ≤ .05. NS, Not significant.
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FIG 6. 
Blood circulating neutrophils of CD40L-deficient patients presented defects in development 

and function that are improved by the presence of exogenous IFN-γ.
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