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Abstract

Production of IFN-γ contributes to host defense against Mycobacterium tuberculosis (Mtb) 

infection. We previously demonstrated that Signaling lymphocytic activation molecule-associated 
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protein (SAP) expression on cells from tuberculosis (TB) patients was inversely correlated with 

IFN-γ production. Here we first investigated the role of NK, T and B cell antigen (NTB-A)/SAP 

pathway in the regulation of Th1 response against Mtb. Upon antigen stimulation, NTB-A 

phosphorylation rapidly increases and afterwards modulates IFN-γ and IL-17 secretion. To sustain 

a healthy immune system, controlled expansion and contraction of lymphocytes, both during and 

after an adaptive immune response, is essential. Besides, restimulation-induced cell death (RICD) 

results in an essential homeostatic mechanism for precluding excess T-cell accumulation and 

associated immunopathology during the course of certain infections. Accordingly, we found that 

the NTB-A/SAP pathway was required for RICD during active tuberculosis. In low responder 

(LR) TB patients, impaired RICD was associated with diminished FASL levels, IL-2 production 

and CD25high expression after cell-restimulation. Interestingly, we next observed that SAP 

mediated the recruitment of the Src-related kinase FYNT, only in T cells from LR TB patients that 

were resistant to RICD. Together, we showed that the NTB-A/SAP pathway regulates T cell 

activation and RICD during human TB. Moreover, the NTB-A/SAP/FYNT axis promotes 

polarization to an unfavorable Th2-phenotype.

Introduction

Tuberculosis (TB) now ranks alongside HIV as the leading cause of death from an infectious 

disease. In fact, Mycobacterium tuberculosis (Mtb) causes nearly 10 million of new cases 

and 1.5 million deaths per year 1. Protective immunity against Mtb requires the generation of 

Th1 immune responses. Production of IFN-γ by CD4+ and CD8+ T cells is especially 

critical in order to fight the bacteria 2. Actually, reduced IFN-γ production by peripheral 

blood mononuclear cells (PBMCs) of TB patients is a marker of severe disease 3. Thus, cell-

mediated immunity displays a key role in protection against TB 4.

An effective cell-mediated immunity is dependent on the strength of T cell stimulation 

signal, which regulates lymphocyte progression through activation, proliferation and 

death 5, 6. Furthermore, the cellular environment where the antigen is recognized, the length 

of T cell/antigen-presenting cell interaction and the immunoreceptors signaling modulate the 

levels and the pattern of cytokines produced by antigen-stimulated T cells. The signaling 

lymphocytic activation molecule (SLAM) family was found to modulate immune cells due 

to the capacity of these receptors to interact with SLAM associated protein (SAP)-related 

molecules, a group of SRC homology 2 domain adaptors 7. SAP adaptors couple SLAM 

family receptors during the immunological synapse to activate biochemical signals that 

promote T cells to produce a specific pattern of cytokines. The SH2D1A gene that encodes 

SAP is mutated or deleted in X-linked lymphoproliferative disease (XLP), a rare genetic 

disorder characterized by a fatal response to Epstein-Barr virus infection, 

hypogammaglobulinemia and malignant lymphomas. SAP deficiency leads to reduced CD4+ 

Th2 responses, deficient IgE production and increased Th1 cytokine secretion 8. Previously, 

we demonstrated that in the absence of SAP, SLAM contributed to induce Th1 cytokine 

responses during tuberculosis infection 9. Moreover, SAP expression interfered with Mtb-

induced IFN-γ production, and the levels of SAP directly correlated with the severity of the 

disease 9.
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Most members of SLAM receptors, including NK, T and B cell antigen (NTB-A or 

SLAMF6), are homophilic (self-ligands) receptors 7. In particular, NTB-A ligation triggers 

phosphorylation of its immunoreceptor tyrosine-based switch motifs in the cytoplasmic tail, 

regions that function as docking sites for SAP. In mice, NTB-A acts as a positive regulator 

of Th1 lymphocyte functions increasing CD4+ T cell proliferation and IFN-γ production, 

whereas NTB-A blockage delays the beginning of experimental autoimmune 

encephalomyelitis 10. Therefore, NTB-A increases or amplifies TCR signal, acting as a 

positive regulator of Th1 lymphocyte functions 10. In NK cells, NTB-A association with 

SAP induces cellular cytotoxicity and increases IFN-γ and TNF-α production 11. The study 

of NTB-A in NK cells from XLP patients demonstrated that the absence of functional SAP 

protein, decreased or abrogated cell cytotoxicity while IFN-γ secretion is not modified 11. 

Instead, the association of NTB-A with SAP in T cells induces tolerance and cellular 

homeostasis 12.

In order to sustain a healthy immune system, controlled expansion and contraction of 

lymphocytes, during and after an adaptive immune response, are critical 13. In the presence 

of high levels of antigen and IL-2, TCR restimulation of activated cycling T cells can lead to 

a self-regulatory process of apoptosis known as restimulation-induced cell death (RICD), an 

important physiologic mechanism mediated by death receptors expressed in T cells. RICD is 

induced when T cells previously activated under a particular cytokine microenvironment are 

restimulated through TCR signaling, upon which they undergo apoptosis 14. Moreover, 

RICD represents a negative feedback mechanism induced by restimulation of T cells to 

prevent an excessive expansion of T lymphocytes 14. This regulatory pathway of the T cell 

pool initiated by TCR signaling depends on cell death mechanisms mediated through FAS 

and BIM 15. Thus, RICD limits immunopathological and autoimmune manifestations that 

could emerge as a consequence of an extensive expansion of antigen-specific T cells 16, 17.

In addition to antigen-restimulation, triggering of RICD requires reaching a particular 

threshold 13. During lymphocyte activation, signaling through TCR and costimulatory 

molecules occurs. Therefore, the activation of these receptors will also influence RICD after 

a second encounter with an antigen-presenting cell. However, little is known about how 

those pathways modulate the threshold required for RICD 13. Besides, it has been recently 

demonstrated that T cells from XLP individuals are specifically resistant to apoptosis 

mediated by TCR restimulation 18. The authors showed that the NTB-A/SAP pathway 

participated in the fine tuning of the TCR signaling strength upon restimulation, regulating T 

cell susceptibility to apoptosis during immune responses 18. SAP displays a pro-apoptotic 

role increasing the TCR signal to reach an optimal RICD 18.

In this work, we evaluated the biological function and the molecular mechanisms of NTB-

A/SAP signaling during T cell responses and homeostasis regulation against Mtb.
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Results

Patient population

Because T cell responsiveness is critical for immunity against the pathogen, tuberculosis 

patients were classified as High responder (HR) and Low responder (LR) TB patients based 

on in vitro T cell responses to M. tuberculosis, as described in Methods and Table 1.

No differences regarding age distribution, sex, ethnicity, acid-fast bacilli in sputum, or 

frequency of extra pulmonary forms of tuberculosis were found between HR and LR TB 

patients (Table 1). However, significant differences were detected regarding X-ray 

radiography severity and leukocyte count (Table 1). A considerable severity pattern was 

detected especially in LR TB, who presented significant lower leukocytes, lymphocytes and 

monocytes counts and evidenced more severe pulmonary lesions compared to HR TB 

patients (Table 1).

As expected, LR TB patients showed reduced proliferative responses, IFN-γ production and 

diminished SLAM, but also CD25 expression in response to Mtb-antigen (Mtb-Ag), as 

compared to HR TB patients (Table 1).

Phosphorylation profile of immunoreceptors in cells from tuberculosis patients: 
characterization of NTB-A

Previously, we demonstrated that SLAM and ICOS signaling increased Th1 responses 

against Mtb 9, 19, while SAP, CD31 and PD-1 interfered with IFN-γ production during 

human active TB 9, 19, 20. Here we performed a preliminary screening of phosphorylation 

levels of ITAM/ITIM-associated immunoreceptors and adaptor signaling molecules using a 

human phosphoimmunoreceptor array. Our initial data showed a differential pattern of 

immunoreceptors’ phosphorylation between a LR TB and a HD after stimulation with Mtb-

Ag during 24h (Supplementary Fig. S1A, S1B, S1C). Quantitative image analysis from the 

preliminary screening depicted that PBMCs from a HD displayed increased phosphorylation 

of 2B4/SLAMF4, CD229/SLAMF3, NTB-A/SLAMF6, SHIP-1, SHP-1, SHP-2 and CD150/

SLAMF1/SLAM molecules. In contrast, PBMCs from the LR TB patient showed an 

augmented phosphorylation of BLAME/SLAMF8, CRACC/SLAMF7 and CD3 epsilon 

(CD3 ε) (Supplementary Fig. S1A, S1B, S1C).

Given that SLAMF1 induces Th1 responses during active TB 9 and considering that NTB-A 

phosphorylation was clearly increased in HD as compared to LR TB patients, here we 

evaluated the role of this receptor in the immune response displayed by patients with active 

TB. Initially, we measured the surface expression of NTB-A on T cells from HD, HR TB 

and LR TB patients after Mtb-Ag stimulation. High levels of NTB-A expression were 

observed on the three groups of individuals under study (Fig. 1A and Supplementary Fig. 

S2A, S2B). No changes in NTB-A expression were observed on T cells from HR and LR TB 

patients after 5 days of Mtb-Ag stimulation (Fig. 1A and Supplementary Fig. S2A, S2B). On 

the contrary, Mtb-Ag stimulation significantly down-regulated NTB-A mean fluorescence 

intensity (MFI) on CD3+ T cells from HD (138.86 ± 13.63), as compared to non-stimulated 

PBMCs (174.97 ± 4.16) (Fig. 1A).
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We next evaluated the potential role of NTB-A in modulating the cytokine 

microenvironment upon Mtb-Ag stimulation. PBMCs from HD and TB patients were 

cultured with Mtb-Ag ± anti-NTB-A monoclonal blocking antibody for 5 days, and IFN-γ 
and IL-17A production was determined. Blockage of NTB-A in Mtb-Ag stimulated cells 

down-regulated the production of both IFN-γ and IL-17A in all groups of individuals under 

study, indicating that signaling through NTB-A participates in the immune response of the 

host against Mtb (Fig. 1B).

IFN-γ production negatively correlates with SAP mRNA levels upon Mtb stimulation

SLAM-related receptors interact with SAP with high affinity and specificity 21. Actually, the 

SLAM receptors can amplify the signaling initiated by the TCR through SAP, which recruits 

kinases (FYN, LCK), modulating humoral and cellular immune responses 10, 22, 23. 

Accordingly, we previously demonstrated that LR TB patients’ cells exhibited high levels of 

SAP that interact with SLAMF1, selectively inhibiting Th1 immune responses during human 

active tuberculosis 9. Given the importance of SAP protein in Mtb infection, we further 

investigated the transcriptional and post-transcriptional regulation of this molecule. 

Detectable levels of SAP mRNA were observed at 48h in PBMCs from LR TB patients (Fig. 

2A and Supplementary Fig. S3A). In contrast, in PBMCs from HR TB patients and HD, 

SAP mRNA levels were detectable after 5 days of Ag-stimulation (Fig. 2A). Furthermore, 

cells from LR TB patients displayed the highest levels of SAP mRNA and protein after 5 

days of culture with Mtb-Ag (Fig. 2A, B). Additionally, an inverse correlation between SAP 

mRNA and IFN-γ levels was observed (Fig. 2C and Supplementary Fig. S3B), in agreement 

with our previous reports 9, 24. By using SAP siRNA, we observed an increase in Mtb-

induced IFN-γ production by PBMCs from most LR TB patients, up to the levels secreted 

by PBMCs from HR TB patients (Fig. 2D and Supplementary Fig. S3C). Thus, inhibition of 

SAP expression improves the immune response in individuals with weak cell-mediated 

immunity against Mtb, confirming that SAP is a key molecule in attenuating Th1 immune 

responses.

SAP gene expression is closely regulated at post-transcriptional levels 25. During post-

transcriptional stage, the 3′ untranslated region of SAP displays a destabilizing effect on the 

transcripts 25. We then hypothesized that unresponsive LR TB patients could display an 

increased stability of SAP mRNA, explaining their increased SAP expression. In contrast to 

our hypothesis, by arresting the transcription process for 3 hours with Actinomycin D, we 

observed the degradation of more than 60% of SAP mRNA in Mtb-stimulated PBMCs from 

all groups of individuals (Fig. 2E). Furthermore, after 4 hours of arresting the transcription 

process, ≥ 80% of SAP mRNA degradation was detected in both PBMCs from LR TB 

patients and HD. Therefore, the high levels of SAP mRNA displayed by PBMCs from LR 

TB patients are not related to an increased stability of SAP mRNA compared to HD and HR 

TB patients. Nevertheless, our present findings suggest that a differential rate of 

transcription could account for the increased SAP mRNA levels in LR TB patients during 

the immune response against Mtb.
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Signaling through NTB-A/SAP participates in RICD during the immune response to Mtb

Although SAP expression correlates with TB disease severity (Fig. 2A–C) 9, our data also 

showed increased SAP mRNA levels after 5 days of Mtb-Ag stimulation in all groups under 

study (Fig. 2A). Therefore, besides the inverse association between SAP expression and 

IFN-γ production in PBMCs from TB patients, SAP might be mediating other mechanisms 

during the immune response against Mtb. Accordingly, recent studies have demonstrated the 

role of SAP in TCR RICD, showing that T cells from XLP patients were resistant to 

RICD 18. Moreover, a direct relationship between hyperproliferation of SAP-deficient CD8+ 

T cells and both, impaired apoptosis and RICD, has been reported 26. Thus, to analyze 

whether SAP was involved in the homeostatic regulation of the immune response against 

Mtb, we investigated the induction of RICD in TB patients and HD. To this end, PBMCs 

were stimulated for 5 days with Mtb-Ag. Then, the cells were washed and cultured with 

hrIL-2 for 7 days. After lymphocyte enrichment, these cells were restimulated with α-CD3 + 

α-CD28 and apoptosis was determined by flow cytometry. T cells from HR TB patients and 

HD subjects displayed a markedly higher percentage of cell loss at 24h of TCR 

restimulation than XLP (Fig. 3A and Supplementary Fig. S4C). Surprisingly, we observed 

that LR TB patients’ T cells presented a reduced percentage of apoptosis after restimulation, 

similar to XLP individuals (Fig. 3A and Supplementary Fig. S4C). Therefore, both patients 

with the highest levels of SAP (LR TB) and patients with the lowest or null SAP expression 

(XLP), were resistant to RICD. In contrast, PBMCs from HD and HR TB patients displayed 

elevated levels of RICD (Fig. 3A and Supplementary Fig. S4A, S4C). Furthermore, when we 

analyzed the percentage of cells in each stage of the apoptotic process after 24h 

restimulation of HD and HR TB patients, individuals susceptible to RICD, evidenced higher 

percentages of late apoptotic cells (HD: 50.33% ± 6.57 and HR: 47.88% ± 8.55), as 

compared to those patients whose cells were resistant to the RICD process (LR: 31.21% 

± 7.11 and XLP: 26.77% ± 9.66) (Fig. 3B).

It has been demonstrated that specific knockdown of NTB-A induced a decrease of RICD 

sensitivity 18. We then wondered whether NTB-A signaling could be differentially 

modulated in PBMCs from LR TB patients during TCR restimulation, leading to a defect in 

apoptosis induction. Supporting our results showing that Mtb-Ag stimulation did not 

modulate NTB-A levels in TB patients (Fig. 1A), almost all of CD3+ T cells expressed 

NTB-A after RICD (data not shown). Next, we investigated the potential role of the NTB-A 

pathway and its relationship to SAP during active TB. By blocking NTB-A, we observed 

that PBMCs from XLP patients were resistant to RICD both at 16h and 24h of restimulation 

(Fig. 3C). In contrast, blockage of NTB-A in PBMCs from HR TB patients significantly 

diminished the percentage of cell loss after 16h of restimulation (Fig. 3C), indicating that 

NTB-A participates in RICD in these patients. However, in LR TB patients, blocking NTB-

A signaling had no effect on the percentage of cell loss (Fig. 3C). On the other hand, 

blockage of NTB-A did not modulate the proliferation induced after restimulation in any of 

the groups under study (Supplementary Fig. S4B). Together, these results would indicate 

that NTB-A signaling might be required for optimal TCR-induced apoptosis of T cells in 

responding individuals with controlled T cell responses.
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Expression of IL-2, CD25 and FASL in T cells from patients with Tuberculosis

Dysregulation of production and response to the pivotal cytokine IL-2 may be critical in the 

defective cellular immune response of the host against Mtb. Actually, it was demonstrated 

that TB patients that produce low levels of IL-2 had a defect in PPD-stimulated IL-2 

production, while responses to streptococcal antigens were comparable to those of healthy 

donors 27. Thus, disordered regulation of IL-2 metabolism may be a key feature in the 

depressed cellular immune response to TB. Moreover, a key role for IL-2 in RICD context 

has been reported 28. Anti-CD3 Abs combined with IL-2 induce γδ T cell apoptosis 29. 

Exogenous IL-2 addition to Mtb-stimulated cells displayed a synergistic effect that increased 

the apoptotic activity of γδ T cells 28. Then, we hypothesized that a deficiency in IL-2 

production or IL-2 receptor expression could contribute to the observed defect in RICD, as 

suggested by other authors 29. By measuring the intracellular expression of IL-2, we 

observed markedly lower percentages of IL-2+CD4+T-secreting lymphocytes after 

restimulation of PBMCs from LR TB patients (resistant to RICD) as compared to PBMCs 

from HR TB patients and HD (Fig. 4A and Supplementary Fig. S5A). PBMCs from XLP 

individuals displayed the highest percentages of IL-2 secreting cells after restimulation, 

probably due to their lymphocytes’ hyper-responsiveness (Fig. 4A and Supplementary Fig. 

S5A).

Upon T cell activation, IL-2 receptor α chain (CD25) is expressed and together with the β 
and γ chains constitute the high affinity IL-2 receptor. It is known that the IL-2 receptor 

participates in the modulation of the RICD process 30, 31. We observed a reduced expression 

of CD25 in XLP patients’ non-restimulated T cells as compared to TB patients and HD (Fig. 

4B and Supplementary Fig. S5B). However, after restimulation, almost 90% of CD4+ T cells 

of the four groups of individuals under study expressed CD25, with no significant 

differences detected among the groups (Fig. 4B left panel and Supplementary Fig. S5B). It 

has been recently demonstrated that cells expressing low expression of CD25 (CD25lo) are 

less sensitive to IL-2, generating long lived memory cells 32. In contrast, CD25 high 

(CD25hi) cells display a higher response to IL-2, faster proliferation and are also more 

sensitive to undergo apoptosis 32. Considering those findings, we next evaluated the 

expression of CD4+CD25hi cells. Our results demonstrated that HD and HR TB patients’ 

cells in fact displayed the highest percentages of CD25hi cells (25.41% ± 3.97 and 29.65% 

± 5.83, respectively, Fig. 4B right panel). Interestingly, although patients that are resistant to 

RICD (XLP and LR TB patients) positively modulate the expression of CD25hi cells after 

restimulation (10.90% ± 3.55, LR TB and 8.93% ± 1.78, XLP), they showed significantly 

lower levels of CD25hi cells, as compared to RICD-sensitive individuals (HD and HR TB, 

Fig. 4B right panel).

It has been previously reported that the ability of IL-2 to enhance the expression of the pro-

apoptotic molecule FASL and its capacity to suppress the expression of the inhibitor of FAS 

signaling, cellular FLICE-like inhibitory protein, accounts for the role of IL-2 in T cell 

apoptosis 33. Therefore, we then determined FASL expression on CD4+ T cells. FASL levels 

were not significantly increased in LR TB and XLP patients’ restimulated cells (Fig. 4C). In 

contrast, HR TB patients and HD’s T cells showed a significant increase in the expression of 
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FASL upon restimulation (Fig. 4C). Together, these data demonstrate that resistance to 

RICD is associated with low levels of IL-2, CD25high and FASL.

FYNT participates in the NTB-A pathway abrogating RICD in LR TB patients

During the establishment of immune synapse, clustering of SLAMF receptors brings SAP to 

its cytoplasmic tails and mediates recruitment and activation of FYNT 34. Accordingly, we 

have shown that SAP mediates the recruitment of FYNT to SLAM in leprosy, inhibiting 

IFN-γ production in lepromatous leprosy patients 35. Snow et al. showed that RICD 

mechanism is independent of FYNT and that Src-family kinase LCK contributes to TCR 

signal transduction during RICD 18, 36. Then, we analyzed the events downstream the NTB-

A pathway. We performed NTB-A immunoprecipitations in activated T cells from HD, TB 

patients and XLP individuals to test the potential interaction between SAP and FYNT in the 

regulation of the NTB-A signaling pathway that controls RICD. Association of SAP with 

NTB-A was detected before and after TCR restimulation in all groups under study, except 

for XLP patients that do not express SAP (Fig. 5A). Interestingly, we observed that FYNT 

was associated to NTB-A only in LR TB patients’ T cells (Fig. 5A). In fact, more than 35% 

of FYNT co-precipitated with NTB-A, both in restimulated and non-restimulated T cells 

(Fig. 5B). However, FYNT was not detected in NTB-A immunoprecipitates from HD and 

HR TB patients’ cells (Fig. 5A, B). Thus, these results demonstrate that FYNT is 

differentially recruited to SAP on T cells from LR TB patients resistant to RICD.

To further investigate the role of NTB-A, SAP and FYNT during TB, we tested the cytokine 

microenvironment after restimulation of the TCR. The NTB-A/SAP signaling pathway 

promotes, among other processes, the formation of the B germinal center, T/B synapsis and 

RICD 22. However, when FYNT is recruited to SLAM, differentiation of T lymphocytes to a 

Th2 cytokine pattern is promoted 22. Interestingly, Th2 CD4+ cells induce cell loss by RICD 

through granzyme B, since those lymphocytes are less sensitive to FAS-mediated apoptosis, 

as compared to Th1 cells after TCR restimulation 37. Thus, we investigated IL-4 and IFN-γ 
levels in the context of restimulation. The results obtained showed that PBMCs from LR TB 

patients produced higher IL-4 levels as compared to PBMCs from HD and HR TB patients 

(Fig. 5C). These data indicate that the lack of response of LR TB patients is mediated, at 

least in part, by induction of a Th2 cytokine pattern, an unfavorable phenotype for TB 

resolution. In addition, our observations might explain why LR TB patients show resistance 

to the cellular homeostasis regulation process; given that Th2 lymphocytes show lower 

susceptibility to RICD. In contrast, when we measured IFN-γ production, we observed a 

similar IFN-γ secretion as that detected upon Mtb-Ag stimulation (Supplementary Fig. 

S3B), where PBMCs from HD and HR TB patients produce more elevated levels of IFN-γ 
than LR TB patients (Fig. 5C). Therefore, our results indicate that the immune response of 

HD and HR TB patients continues to be effective during TCR restimulation, where SLAM 

collaboration in IFN-γ secretion (Supplementary Fig. S5C–D) participates both in primary 

activation with Mtb and in restimulation. In contrast, LR TB patients are unable to secrete 

enough IFN-γ levels to fight the pathogen, indicating a possible defect downstream of the 

TCR in these individuals, which would involve both SAP and FYNT.
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Discussion

Positive and negative signals delivered by the interaction of several costimulatory molecules 

with their receptors are required to mount an effective immune response during T cell 

activation. Previously, we demonstrated that SLAM/SLAM signaling increases cell-

mediated immunity in response to Mtb 9; while SAP, through interaction with SLAM, 

interferes with IFN-γ production during mycobacterial infection 9, 35. NTB-A, another 

member of SLAM family, increases Th1 cytokine production 10 and participates, in 

association with SAP, in the induction of tolerance and cellular homeostasis 12, 38. Here, we 

evaluated the NTB-A/SAP pathway during the immune response against Mtb.

A pattern phosphorylation study including 59 immunoreceptors containing ITAM/ITIM/

ITSM motifs showed that, in response to Mtb-Ag, NTB-A and SLAM were highly 

phosphorylated in a healthy individual but not in PBMCs from a LR TB patient, suggesting 

a decreased activation state in patients with impaired immunity (Supplementary Fig. S1A, 

S1B, S1C). In contrast to our previous results, where the expression of SLAM was positively 

modulated after Mtb stimulation in HD and HR TB patients 9, NTB-A showed a 

constitutively high expression on T cells from all the groups of individuals studied 

(Supplementary Fig. S2A). However, Mtb-Ag down-regulated the MFI of NTB-A compared 

to unstimulated HD’s T cells (Fig. 1A), as has been reported for Vpu-1 (ref. 39). Besides, we 

observed that signaling through NTB-A increased the production of IFN-γ and IL-17A 

during Mtb infection (Fig. 1B).

Previous studies in SAP-deficient mice demonstrated an increased activation and 

hyperproliferation of IFN-γ-producing CD4+ and CD8+ T cells in response to LCMV or T. 
gondii infection 40, 41. Our results showed that, in PBMCs from LR TB patients, SAP 

mRNA was positively regulated after 48h of Mtb-Ag stimulation, while no differences were 

observed for HD and HR TB patients (Fig. 2A). Furthermore, our data showed a negative 

correlation between SAP mRNA levels and IFN-γ production upon Mtb-Ag stimulation 

(Fig. 2C). Moreover, blockage of SAP using specific siRNA increased IFN-γ in PBMCs 

from LR TB patients up to the levels detected in Ag-stimulated cells from HR TB patients 

(Fig. 2D).

Okamoto et al. previously demonstrated that SAP mRNA stability is a key post-

transcriptional mechanism that determines SAP levels of expression 25. However, we 

observed that SAP mRNA decay was similar in all the groups of individuals under study 

(Fig. 2E). Besides, SAP degradation occurred significantly faster than GAPDH (Fig. 2E and 

data not shown), in line with studies performed in Jurkat T cells 25. Therefore, our results 

indicate that the increased expression of SAP observed in LR TB patients could be related to 

a higher rate of mRNA transcription but not to an increased stability of the mRNA 

transcripts. Further experiments are required to determine how Mtb-Ag stimulation induces 

the transcription of SAP. It could be possible that transcription factors such as Ets-1 and 

Ets-2 cooperate with promoter activity of SAP, as previously demonstrated 25.

The maximum expression of SAP and SLAM is reached at 6 days of α-CD3 stimulation in 

PBMCs from HD 42. In agreement, in the late phases of T cell activation against Mtb-Ag, 
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we observed a marked increase in SAP mRNA levels of HD and patients with active TB 

(Fig. 2A). Moreover, LR TB patients with a weak immune response to the antigen showed 

the highest expression of SAP mRNA and protein (Fig. 2A, B).

Interestingly, SAP was shown to regulate the contraction phase of the T cell response 

through regulation of RICD 18, 42, 43. During the caseation of human tuberculosis 

granulomas, CD68+ macrophages, T CD3+ and CD45RO+ cells undergo apoptosis as a 

result of restimulation with Mtb antigens 44–46. Snow et al. have recently demonstrated that 

NTB-A co-localizes with CD3 complex on activated T cells after restimulation, and that 

binding of SAP to NTB-A amplifies proximal TCR signaling in the synapse, increasing 

RICD susceptibility 18. Our present results revealed increased cell loss in HD and HR TB 

patients’ T cells as compared to LR TB patients and XLP individuals (Fig. 3A). Besides, 

expression of SAP protein during T cell reactivation was positively modulated in HD and 

HR TB patients (Supplementary Fig. S4A). Moreover, after TCR restimulation, the higher 

proportion of apoptotic cells found in HD and HR TB patients were late apoptotic/necrotic T 

cells (Fig. 3B), indicating that these cells might be entering an irreversible “cell suicide” as 

part of the homeostatic process of the immune response. Our findings in patients with a 

deficient (LR TB) or an exacerbated Th1 response (XLP) might indicate that SAP 

expression abnormalities could affect diverse homeostatic mechanisms.

The immune response to an antigen occurs in two stages involving different molecular 

events: an activation phase and a proliferation phase. Induction of IL-2 and CD25 expression 

during the first phase is essential for leading to the next proliferative stage, where T cells 

have a high susceptibility to cell death after TCR restimulation. At the site of infection, the 

high levels of IL-2 and antigen are critical to start the “self-regulation” program of RICD 13. 

We found that PBMCs from HD and HR TB patients, which showed the highest percentages 

of cell loss, upregulated IL-2 levels, whereas no significant changes in the amounts of this 

cytokine were observed in PBMCs from LR TB patients upon restimulation (Fig. 4A). 

Although our results did not show differences in the expression of CD25 among the 

individuals under study (Fig. 4B), we observed a higher percentage of CD4+ CD25high T 

cells in HD and HR TB patients as compared to LR TB patients and XLP subjects. These 

findings might explain, in part, the higher resistance to apoptosis displayed by LR TB 

patients (Fig. 4B).

The central role of the FAS/FASL pathway during RICD has been widely demonstrated 13. 

During FAS/FASL signaling, IL-2 plays a key role through the negative modulation of 

cellular FLICE-like inhibitory protein, which turns lymphocytes sensitive to the RICD 

process. In line with our results with IL-2 and CD25, CD4 T cells from HD and HR TB 

patients also presented the highest levels of FASL (Fig. 4C), in direct association with their 

percentages of cell loss upon restimulation (Fig. 3A). Moreover CD4 T cells from XLP and 

LR TB patients, individuals that are resistant to the RICD mechanism, did not modulate 

FASL expression after restimulation (Fig. 4C). Together, our results suggest that the 

induction of RICD, as part of a mechanism of homeostasis against Mtb, is finely regulated 

by a complex network of signaling proteins, including those mediated by FAS and IL-2 

receptors.
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RICD mechanism is mainly triggered by the NTB-A/SAP pathway in human peripheral 

blood lymphocytes restimulated with anti-CD3 18, 36. In this work, we demonstrated that 

blocking NTB-A negatively modulated the cell loss displayed by T cells from HD and HR 

TB patients (Fig. 3C). By studying the NTB-A/SAP signaling pathway, we showed that LR 

TB patients that were refractory to RICD mechanism showed a differential recruitment of 

FYNT (Fig. 5A, B).

Additionally, we demonstrated that LR TB patients displayed an increased IL-4 secretion 

after TCR restimulation (Fig. 5C). In T lymphocytes, SAP binding displaces SHP1 and 

SHP2. Furthermore, SAP SH2 domain binds to the SH3 domain of Src family kinases like 

FYNT and LCK directly couples Src proteins to SLAM receptors 47. Moreover, it has been 

demonstrated that FYNT promotes the differentiation of T CD4+ cells to Th2 22 and Th17 48 

profiles, two cell populations that showed increased resistance to RICD 13, 49. Thus, the role 

of FYNT during the NTB-A signaling might explain the resistance to RICD as well as the 

polarization of T cells toward Th2 unfavorable profiles (Fig. 6). In contrast to LR, T cells 

from HD and HR TB patients showed no recruitment of FYNT, a positive modulation of 

SLAM expression (Supplementary Fig. S5C), increased production of IFN-γ and reduced 

secretion of IL-4 after TCR restimulation (Fig. 5C).

We have previously shown that at the site of infection, M. tuberculosis expanded and 

regulated CD4+IFN-γ+IL-17+ lymphocytes in the same way as in peripheral blood 50. 

Consequent to PBMCs, Pleural Fluid Mononuclear Cells from LR TB patients bared a 

superior proportion of CD4+IFN-γ+IL-17+ lymphocytes expanded against Mtb-Ag as 

compared to HR individuals. Moreover the presence of higher proportions of CD4+IFN-

γ+IL-17+ lymphocytes was correlated directly with more extensive lung affectation and a 

higher number of pulmonary lesions 50. Taking these previous results into account it might 

be speculated that this pathogenic T cell population could be more resistant to RICD, which 

might explain the increased proportion in LR TB patients observed in our previous study 50. 

Moreover, it has been previously shown that Th1/Th17 cells are more resistant to cell death 

in patients with multiple sclerosis 49. In fact, the mechanism that mediates resistance to cell 

death in Th1/Th17 cells of patients with multiple sclerosis is related to reduced Fas ligand 

expression 49, in agreement with our results for LR TB patients (Fig. 4C).

Together our results suggest that T cells from individuals that display a protective Th1 

response against Mtb are capable of undergoing apoptosis after TCR restimulation through 

the NTB-A/SAP signaling pathway (Fig. 6). Moreover, in these individuals FYNT is not 

recruited, which leads to a favorable Th1 cytokine microenvironment that influences the 

homeostasis of the immune response. This signaling pathway could also limit the 

uncontrolled expansion of T cells, controlling immunopathology in HR TB patients. Thus, 

together we found that the NTB-A/SAP pathway regulates T cell activation and RICD 

during human TB, and that the NTB-A/SAP/FYNT axis promotes polarization to an 

unfavorable Th2-phenotype. In conclusion, our present results contribute to elucidate the 

role of NTB-A/SAP and FYNT in the generation of a protective immune response against 

the intracellular pathogen Mtb.
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Methods

Patients

HIV-seronegative patients with active tuberculosis (TB) were evaluated at Dr. F. J. Muñiz 

(Buenos Aires, Argentina). Diagnosis of disease was established based on clinical and 

radiological data, identification of acid-fast bacilli in sputum, and isolation of M. 
tuberculosis in culture. Patients included in this study had received less than one week of 

anti-tuberculosis therapy and were classified on the basis of lymphocyte responses to M. 
tuberculosis-antigen (Mtb-Ag), as previously reported 9,20,50. Briefly, PBMCs from High 

Responder tuberculosis patients (HR TB) showed significant lymphocyte proliferation, a 

high level of IFN-γ production, and a high level of SLAM expression in response to the 

antigen; whereas PBMCs from Low Responder tuberculosis patients (LR TB) exhibited low 

proliferative responses, IFN-γ secretion, and percentages of SLAM+ cells 9. LR TB patients 

had a more severe pulmonary disease, lower leukocyte counts and a more prolonged illness 

compared to HR TB individuals. Healthy donors (HD), who had received BCG vaccination 

at birth and lacked a history of TB, participated in the study, excluding those subjects with 

latent tuberculosis (determined by QuantiFERON-TB Gold In-Tube, Qiagen). The control 

group included individuals who were matched in terms of sex, age and ethnicity with TB 

patients included in the study. Two subjects with X-linked lymphoproliferative disease 

(XLP), confirmed at the International XLP Registry Headquarters, University of Nebraska 

Medical Center (Omaha, NE, USA) were included in this study 51. The experiments were 

performed and the results were analyzed without previous knowledge of patients-

classification. Peripheral blood was collected in heparinized tubes from all individuals 

participating in the study, after receiving informed consent. All methods were carried out in 

accordance with relevant guidelines and regulations. All experimental protocols were 

approved by a licensing committee from Dr. F. J. Muñiz Hospital (Buenos Aires, Argentina).

Antigen

Throughout the study, in vitro stimulation of cells was performed with a cell lysate from the 

virulent M. tuberculosis H37Rv strain prepared by probe sonication (Mtb-Ag), obtained 

through BEI Resources, NIAID, NIH: Mycobacterium tuberculosis, Strain H37Rv, Whole 

cell lysate, NR-14822 (Bethesda, MD, USA).

Cell Preparation and Reagents

Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation over Ficoll-

Hypaque (GE Healthcare, Chicago, IL, USA) and cultured (1 X 106 cells/mL) in complete 

media (RPMI 1640 medium (Gibco, Thermo Scientific, Waltham, MA, USA) supplemented 

with L-glutamine (Sigma Aldrich, St Louis, MO, USA), 10% Fetal Bovine Serum (Gibco), 

100 U/mL of Penicillin and 100 μg/mL of Streptomycin (Gibco)). PBMCs were stimulated 

with or without Mtb-Ag (10 μg/mL) in the presence/absence of anti-NTB-A blocking 

antibody (5 μg/mL, NT-7, Biolegend, San Diego, CA, USA) for different time points.

In some experiments, cells were activated with Mtb-Ag and restimulated with anti-CD3 plus 

anti-CD28 mAbs, in the presence/absence of anti-NTB-A, as described below (Apoptosis 

assays and flow cytometry).
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IFN-γ and IL-17A production was determined by enzyme-linked immunosorbent assay 

following the manufactured instructions (eBioscience, San Diego, CA, USA).

Phosphorylation profile of immunoreceptors

PBMCs from a HD and a LR TB were stimulated with Mtb-Ag for 24 hours. Then, cells 

were resuspended in PBS and lysed for 30 minutes on ice in a buffer containing protease and 

phosphatase inhibitors. Cell suspensions were subject to centrifugation, then supernatants 

were collected as total protein extracts and then applied on a human phospho-

immunoreceptor array (Human Phospho-Immunoreceptor Array Kit, R&D Systems, 

Minneapolis, MN, USA). Phosphorylation levels of individual analytes were determined by 

calculating the average of the pixel density of the spots in duplicate; values were obtained 

after subtracting background signals.

Real-Time PCR

Total RNA was isolated from PBMCs stimulated with or without Mtb-Ag for 16, 24, 48 and 

120 hours using TRIzol (Ambion, Thermo Scientific, Waltham, MA, USA). cDNA was 

obtained by reverse transcription according to the manufacturer’s instructions (Promega, 

Fitchburg, WI, USA). Real-time PCR was performed with FastStart SYBR Green Master 

(Roche Applied Science, Penzberg, Upper Bavaria, Germany) and specific primers for 

human SAP (Integrated DNA Technologies, Coralville, IA, USA ). Relative mRNA 

expression was normalized to the expression of GAPDH (encoding glyceraldehyde-3-

phosphate dehydrogenase), calculated by the change-in-threshold 2(−ΔΔCT)-method. The 

primers used for SAP and GAPDH were as follows: 5′-AAATCAGCAGGGAAACCG-3′ 
(forward) and 5′-CTCAGCACTCCAAGAACC-3′ (reverse); and 5′-

TGATGACATCAAGAAGGTGGTGAAG-3′ (forward) and 5′-

TCCTTGGAGGCCATGTAGGCCAT-3′ (reverse), respectively.

Transfection of SAP Small-Interfering RNA (siRNA)

PBMCs were transfected (Lipofectamine, Invitrogen, Carlsbad, CA, USA) with SAP or 

control (GFP) siRNA for 48 hours (15 pmoles/106 cells/mL or 250 ng/106 cells/mL, 

respectively). Then cells were washed and incubated for 5 days, with or without Mtb-Ag. 

IFN-γ production was determined by ELISA.

mRNA Turnover

RNA transcription in PBMCs was arrested by adding Actinomycin D (10 μg/mL, Gibco) to 

the culture media. Then, cells were recovered at the indicated time points. Total RNA and 

SAP transcript expression was examined by Real-Time PCR, as described above.

Apoptosis assays and flow cytometry

To evaluate RICD, PBMCs were activated with Mtb-Ag (10 μg/mL). After 5 days, cells were 

exhaustively washed and then cultured in complete RPMI-1640 medium supplemented with 

100 U/mL of rhIL-2 (Biolegend) for 7 days. Viable cells were isolated and restimulated with 

1 μg/mL of anti-CD3ε and anti-CD28 mAbs (OKT3 and CD28.2, respectively, BioLegend) 
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for 16 and 24 hours, in the presence or absence of 5 μg/mL anti-NTB-A blocking mAb 

(NT-7, Biolegend).

Cells were then stained with Annexin V-FITC and propidium iodide using the Annexin V 

FITC Apoptosis Detection KiT I (BD Biosciences, San Jose, CA, USA). Cell death was 

quantified as percentage of cell loss = (1 − [number of viable cells (treated) / number of 

viable cells (untreated)]) × 100.

For flow cytometry determinations cells were stained with fluorochrome conjugated Abs 

against CD3 (FITC, cat. 11-0037, eBioscience or PerCPCy5.5, cat. 356108, Biolegend), 

CD4 (FITC, cat. 300506, Biolegend or PercPCy5.5, cat. 317428, Biolegend), CD25 (PeCy7, 

cat. 356108, Biolegend), SLAMF1 (FITC, cat. 11.1509, eBioscience), FASL (PE, cat. 

306407, Biolegend) and NTB-A (NT-7, cat. 317204, Biolegend and anti-mouse PE). 

Intracellular staining was performed to determine IL-2 expression on CD4 T cells (anti-IL-2 

PE, cat. 500307, BioLegend). For cytokine staining, PBMCs were incubated with Golgi 

Stop reagent containing monensin (1 μL/mL, BD Biosciences) for the final 5 hours of 

culture and BD Cytofix/Cytoperm and BD Perm/Wash buffers were used following the 

manufacturer’s instructions. Negative control samples were incubated with irrelevant 

isotype-matched monoclonal antibodies in parallel with all experimental samples, and all 

samples were analyzed on a FACS ARIA II flow cytometer (BD Biosciences). Data analysis 

was performed using FlowJo 7.6.2 (Tree Star Inc., OR, USA).

Proliferation

PBMCs were restimulated as described above, in the presence or absence of 5 μg/mL anti-

NTB-A blocking mAb. Then, the cells were pulsed with [3H] TdR and harvested 16 hours 

later. [3H] TdR incorporation was measured in a liquid scintillation counter.

Immunoblotting

Total cell protein extracts were prepared from PBMCs stimulated with Mtb-Ag for 5 days. 

In different experiments, PBMCs stimulated with Mtb-Ag for 5 days were exhaustively 

washed and then cultured in complete RPMI-1640 medium supplemented with 100 U/mL of 

rhIL-2 for at least 7 days before obtaining total cell protein extracts. Western blotting was 

performed by standard methods. Each nitrocellulose membrane was blotted with mouse 

monoclonal antibodies to SH2D1a (SAP, cat. 14-9888-82, eBioscience), stripped, and 

reblotted with GAPDH (Ambion) or β-actin (BD Biosciences). Bound antibodies were 

detected with an anti-mouse HRP-conjugated antibody (BioRad, Hercules, CA, USA) using 

Amersham ECL PLUS reagent (GE Healthcare). Images were obtained with an Intelligent 

Dark Box (Fujifilm LAS1000) and analyzed with ImageJ Analysis software (NIH, Bethesda, 

MA, USA). The intensity of each band was expressed as arbitrary units (AU).

Immunoprecipitation

PBMCs were restimulated with anti-CD3 plus anti-CD28 (as described before) for 1 hour. 

Afterwards, cells were washed with PBS and incubated in RIPA lysis buffer (Cell signaling 

Technology, Danvers, MA, USA) supplemented with proteases and phosphatases inhibitors 

(Protease Inhibitor Cocktail P8340 plus 100 mM of PMSF, Sigma Aldrich). 
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Immunoprecipitation assays were then performed using specific antibodies: anti-NTB-A 

(NT-7, Biolegend) or irrelevant mAbs following the manufacturer’s instructions (Santa Cruz 

Biotechnology, Dallas, TX, USA).

Briefly, anti-NTBA or anti-IgG1 Abs were coupled to Protein A/G PLUS-Agarose (Santa 

Cruz Biotechnology). Cell extracts from stimulated cells were pre-incubated with Protein 

A/G PLUS-Agarose for 2 hours, to eliminate nonspecific binding. Cells extracts where then 

incubated with 50 μl of Protein A/G PLUS-Agarose coupled antibodies for 16 hours at 4°C. 

Immunoprecipitates were obtained by centrifugation at 2000xg for 5 minutes and washed 

repeatedly with RIPA buffer and PBS. Immunoprecipitates were finally incubated at 95°C to 

detach the Protein A/G PLUS-Agarose from the protein complexes. Next, NTB-A (NT-7, 

Biolegend), SAP (FL-128, cat. sc-8333, Santa Cruz Biotechnology) and FYNT (cat. 4023, 

Cell signaling Technology) expression in the immunoprecipitates was assessed by Western 

blot analysis. The intensity of each band was expressed as arbitrary units (AU) and the 

percentage of FYNT bound to NTB-A was calculated as: ([AU of Immunoprecipated 

fraction (IP)/(IP+ Non immunoprecipated fraction (NO IP Fr)])*100.

Statistical Analysis

One-way ANOVA with Uncorrected Fisher’s LSD post hoc test were used for comparison 

between experimental groups as indicated in the figure legends. Correlation analyses were 

performed using the non-parametric Spearman correlation test. The Mann-Whitney test was 

used to analyze differences between unpaired samples. Fisher’s exact test and X2 for trend 

test were used for categorical variables. P values of < 0.05 were considered statistically 

significant. Data were analyzed using GraphPad Prism 6.0 software (San Diego, CA, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Functional characterization of NTB-A
(A) PBMCs from HD (N=8), High Responder Tuberculosis patients (HR TB, N=5) and Low 

Responder Tuberculosis patients (LR TB, N=4) were stimulated with Mtb-Ag for 5 days. 

Then, NTB-A expression was determined on CD3+ T cells by flow cytometry, by first gating 

on lymphocytes by light scatter, and then on CD3+ cells. Bars represent the mean 

fluorescence intensity (MFI) ± Standard Error of the Mean (SEM) of NTB-A on CD3+ T 

cells. (B) PBMCs from HD (N=12), HR TB (N=7) and LR TB (N=5) were stimulated with 

Mtb-Ag for 5 days in the presence or absence of α-NTB-A blocking antibody. Cell free 

supernatants were collected and IFN-γ and IL-17A production was determined by ELISA. 

Bars represent the mean ± SEM of the values. Statistical differences were calculated using 

One way ANOVA-Uncorrected Fisher’s LSD. ***p < 0.001; *,#p < 0.05.
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Figure 2. SAP mRNA and protein levels are increased in patients with low IFN-γ production
(A) PBMCs from Healthy Donors (HD, N=10), High Responder Tuberculosis patients (HR 

TB, N=8) and Low Responder Tuberculosis patients (LR TB, N=6) were stimulated with 

Mtb-Ag for different times. SAP mRNA expression was determined by Real time PCR. 

Values were calculated as fold of increase using the comparative method for relative 

quantification after normalization to GAPDH expression. Fold increase = 2(−ΔΔCt), where 

ΔCt = [Ct (SAP) – Ct (GAPDH)] and ΔΔCt [ΔCt Mtb − ΔCt Media]. Bars represent the 

mean ± SEM. (B) Total cell protein extracts were prepared from PBMCs stimulated with 

Mtb-Ag for 5 days and SAP protein expression were then measured by Western Blot. (C) 
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Correlation between IFN-γ production and SAP mRNA expression. PBMCs from HD 

(N=16), HR TB (N=11) and LR TB (N=7) patients were stimulated for 48h with Mtb-Ag. 

Cell-free supernatants were then collected and assayed for IFN-γ by ELISA (X axis). SAP 

mRNA expression was determined by Real time PCR (Y axis). (D) PBMCs from HR TB 

(N=6, black circles) and LR TB (N=7, grey circles) patients were incubated in presence of 

SAP siRNA or unspecific control (GFP) for 48h. After 5 days of Mtb-Ag stimulation, cell-

free supernatants were collected and assayed for IFN-γ by ELISA. Bars represent the mean 

± SEM. (E) PBMCs from HD (N=5), HR (N=5) and LR (N=4) tuberculosis patients were 

stimulated with Mtb-Ag for 48 hours. Actinomycin D (actD) was added and cells were 

collected at different time points. SAP mRNA levels were determined by Real Time PCR. 

Values are expressed as the mean ± SEM of the Fold increase relative to time zero, as 

follows Fold increase = 2(−ΔΔCt), where ΔCt = [Ct (SAP) – Ct (GAPDH)] and ΔΔCt [ΔCt 

Mtb with actD − ΔCt Mtb without actD]. The image shows cropped gel corresponding to 

GAPDH and SAP mRNA decay. ****p <0.0001 Differences between time zero vs. Mtb 
with ActD at 240’ for each group of individuals. (A, B, D, E) One way ANOVA-

Uncorrected Fisher’s LSD. *p <0.05, **p <0.01, ****p <0.0001. (C) Correlation factor (r) 

and p value were calculated by the non-parametric Spearman correlation test.
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Figure 3. NTB-A/SAP signaling mediates apoptosis after TCR restimulation
PBMCs from Healthy Donors (HD, N=11), High Responder Tuberculosis patients (HR TB, 

N=7), Low Responder Tuberculosis patients (LR TB, N=6) and SAP deficient (XLP, N=7) 

patients were stimulated with Mtb-Ag for 5 days. Then, the cells were washed and cultured 

with RPMI plus hrIL-2. After 7 days, lymphocyte enrichment was performed by 

centrifugation over Ficoll-Hypaque and cells were stimulated with α-CD3 + α-CD28 for 

different times. (A) Apoptosis was determined by evaluating Annexin V (A) and Propidium 

Iodide (IP) by first gating on lymphocytes by light scatter and then on CD3+ cells. Cell death 

was quantified as percentage of cell loss = (1 – [number of treated viable cells / number of 

untreated viable cells]) × 100. Viable cells correspond to A−IP−. Each bar represents the 

mean ± SEM of the % Cell Loss. (B) Percentage of cells in each stage of the apoptotic 

process after 24h of restimulation where: Early Apoptosis (A+IP−), Late Apoptosis (A+IP+) 

and Necrosis (A−IP+). (C) Cells were restimulated in the presence or absence of α-NTB-A 

blocking mAb for 24h. Apoptosis was determined by evaluating Annexin V (A) and 

Propidium Iodide (IP). Cell death was quantified as described in (A). Each bar represents the 
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mean ± SEM of the % Cell Loss. One way ANOVA-Uncorrected Fisher’s LSD. *p 
<0.05, ##p <0.01.
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Figure 4. Association between expression of IL-2, IL-2 receptor (CD25) and FASL with RICD 
sensitivity
(A–C) PBMCs from Healthy Donors (HD), High Responder Tuberculosis patients (HR TB), 

Low Responder Tuberculosis patients (LR TB), and SAP deficient (XLP) patients were 

stimulated with Mtb-Ag for 5 days. Then, the cells were washed and cultured with RPMI 

plus hrIL-2. After 7 days, lymphocyte enrichment was performed by centrifugation over 

Ficoll-Hypaque and cells were stimulated with α-CD3 + α-CD28 for 24h. Then, (A) 
intracellular IL-2 (HD N= 5, HR TB N= 9, LR TB N= 8 and XLP N= 6), (B) surface CD25 
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(HD N= 5, HR TB N= 9, LR TB N= 8 and XLP N= 5) and (C) surface FASL (HD N= 7, HR 

TB N= 10, LR TB N= 6 and XLP N= 5) expression were determined by flow cytometry on 

CD4+ T cells. Each bar represents the mean ± SEM of the percentages of CD4+IL-2+ (A), 

CD4+CD25+ (B) cells; and the mean fluorescence intensity (MFI) ± SEM of FASL+ CD4+ 

(C). IL-2, CD25 and FASL expression was determined by first gating on lymphocytes by 

light scatter and then on CD4+ cells. CD25high expression was determined by gating on 

lymphocytes by light scatter, then CD25 vs CD4 was plotted as shown in the representative 

dot plot. One way ANOVA-Uncorrected Fisher’s LSD. **,##p < 0.01; *,#p < 0.05. ns, 

differences not significant.
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Figure 5. The NTB-A/SAP pathway impairs RICD in LR TB patients
PBMCs from Healthy Donors (HD, N=3), High Responder Tuberculosis patients (HR TB, 

N=3), Low Responder Tuberculosis patients (LR TB, N=3) and SAP deficient (XLP, N=1) 

patients were stimulated with Mtb-Ag for 5 days. Then, the cells were washed and cultured 

with RPMI plus hrIL-2. After 7 days, lymphocyte enrichment was performed by 

centrifugation over Ficoll-Hypaque and afterwards cells were stimulated with α-CD3 + α-

CD28 for 1h. (A) Immunoprecipitation of NTB-A. The immunoprecipitates were separated 

by SDS-PAGE and immunoblotted for the presence of SAP, NTB-A and FYNT. SAP and 

FYNT expression in input lysates are shown for comparison (bottom) (I = Isotype, T0 = 

unstimulated cells and 60’ = stimulated cells with α-CD3 + α-CD28 for 1h). The images 

show cropped lines corresponding to NTB-A, SAP and FYNT. (B) Polyacrylamide gels 

were scanned, densitometry was performed, and the results were expressed as % FYNT IP 

with anti-NTB-A= ([FYNT AU Immunoprecipitated fraction (IP)/(FYNT AU IP + FYNT 

AU Non-Immunoprecipitated fraction])*100. (C) PBMCs from HD (N=6), HR (N=7), LR 

(N=5) tuberculosis patients and XLP (N=3) patients were stimulated with Mtb-Ag for 5 

days. Then, cells were washed and cultured with RPMI plus hrIL-2. After 7 days, 

lymphocyte enrichment was performed by centrifugation over Ficoll-Hypaque and cells 

were stimulated with α-CD3 + α-CD28 for 24 h. Cell free supernatants were collected and 

IL-4 and IFN-γ production was determined by ELISA. Bars represent the mean ± Standard 

Error of the Mean (SEM) of the values. One way ANOVA-Uncorrected Fisher’s LSD. ***p 
<0.001, **,##p <0.01, #p <0,05.
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Figure 6. Model of NTB-A/SAP signaling that induces RICD during active tuberculosis
In Healthy Donors (HD, left panel) and High Responder Tuberculosis patients (HR TB, left 

panel), SAP is associated with NTB-A, dislodging SHP-1 and inducing the expression of 

target genes such as FASL, increasing the TCR signal strength that triggers the RICD 

process after TCR restimulation. The exclusion of FYNT and the involvement of proteins 

like IL-2 and its receptor CD25, ensure the homeostasis of T cells in response to M. 
tuberculosis. On the other hand, Low Responder Tuberculosis patients (LR TB, right panel) 

suppress the induction of apoptosis by the recruitment of FYNT to NTB-A cytoplasmic tail. 

This association abrogates NTB-A signaling to sustain the viability of T cells. Furthermore, 

cellular FLICE-like inhibitory protein could lead to an inhibition of FAS receptor as a 

consequence of the low expression of IL-2. Similar to LR TB, SAP-deficient T cells of XLP 

patients show a resistance to RICD, inhibiting NTB-A signaling and allowing cells to escape 

from apoptosis. Solid arrows represent regulation based on experimental evidence; dotted 

arrows represent inferred regulation.
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Table I

Epidemiological and Demographic Characteristics of TB Patients.

Characteristic HR TB (n = 57) LR TB (n = 42) p Value

Proliferative responses (Proliferation index) 17.76 ± 4.59 5.01 ± 0.93 0.0001a

IFN-γ production (fold-stimulation) 548.89 ± 142.51 39.57 ± 18.41 0.0001a

Increase in the percentage of SLAM-positive cells 11.04 ± 1.67 4.26 ± 1.12 0.0003a

Increase in the percentage of CD25-positive cells 25.02 ± 5.89 6.12 ± 2.25 0.0079a

Age 36.02 ± 2.31 34.36 ± 2.49 0.3953a

Sex

 Male 51 (89.47%) 39 (92.86%)
0.7293b

 Female 6 (10.53%) 3 (7.14%)

Ethnicity

 Caucasian 38 (66.67%) 24 (57.14%)
0.2972b

 American Indian 18 (31.58%) 18 (42.86%)

 Asian 1 (1.75%) 0 (0.00%)

Hematologic studies

 Leukocytes (cells/mm3) 10357.32 ± 441.17 8840.34 ± 382.83 0.0082a

 Lymphocytes (cells/mm3) 1759.33 ± 93.57 1382.77 ± 111.38 0.0057a

 Monocytes (cells/mm3) 904.16 ± 48.46 741.83 ± 34.36 0.0073a

Radiological Lesions

 Mild 6 (12.50%) 0

 Moderate 15 (31.25%) 7 (20.00%)
0.0292c

 Severe 27 (56.25%) 28 (80.00%)

 ND 9 7

AFB in sputum smear

 − 5 (10.42%) 2 (5.71%)

 + 35 (72.92%) 27 (77.14%)

 ++ 4 (8.33%) 2 (5.71%)

 +++ 4 (8.33%) 4 (11.43%) 0.8079c

 ND 9 7

Extrapulmonary TB

 Pleural effusion 4 (7.02%) 2 (4.76%)
0.8703c

 Milliary 2 (3.51%) 2 (4.76%)

 Other 6 (10.53%) 4 (9.52%)

Continuous data are expressed as mean ± SEM, and categorical data are expressed as number (percentages). High Responder Tuberculosis patients 
(HR TB) and Low Responder Tuberculosis patients (LR TB) were classified according to proliferation [proliferation index: (cpm after sonicated 
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Mtb-Ag stimulation)/(cpm after culturing with medium)]; IFN-γ production [fold-stimulation: (ng/mL after sonicated Mtb-Ag stimulation)/(ng/mL 
after culturing with medium)]; and increase in the percentage of SLAM-positive cells in response to sonicated Mtb-Ag stimulation, as previously 
reported (see Materials and Methods). HR TB, Proliferation index ≥ 4, IFN-γ production ≥ 34, increase in % SLAM-positive cells ≥ 8; LR TB, 
proliferation index < 4, IFN-γ production < 34, increase in % SLAM-positive cells < 8. If a patient fulfilled two of three of these criteria, the 
patient was assigned to that group. Radiological lesions: mild, patients with a single lobe involved and without visible cavities; moderate, patients 
presenting unilateral involvement of two or more lobes with cavities, if present, reaching a total diameter no greater than 4 cm; severe, bilateral 
disease with massive affectation and multiple cavities.

a
p values were calculated by the Mann-Whitney test for unpaired samples.

b
p values were calculated by Fisher’s exact test for categorical variables.

c
p values were calculated by the χ2 for trend test for categorical variables. p values of < 0.05 were considered statistically significant.
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