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Abstract

HIV+ patients have an increased risk for tuberculosis disease despite clinical management with 

ARTs. We established a culture model of Mtb-infection in PBMCs from HIV+ PPD+ donors on 

suppressive ART (median 6.4 years) with negligible viral loads (median <50 copies/mL) and 

stable CD4+ T cell counts (517 cells/mm^3). We observed that HIV+ patient lymphocytes 

harbored a recruitment defect to Mtb-infected macrophages. To investigate these immune defects 

on a per cell basis, purified CD4+ T cells from HIV patients were assessed by label-free 

quantification protein mass spectrometry. CD4+ T cells from HIV patients displayed diminished 

nucleoprotein levels – notably of histone variant H2a.Z and ribonucleoprotein A1. Only within 

healthy donors, transcriptional regulatory histone variant H2a.Z expression was correlated to the 

extent of IFN-γ induction upon Mtb-infection. Our findings may explain why HIV patients exhibit 

prolonged immune cell dysfunction despite suppressive ART, and implicate a per cell defect of 

CD4+ T cells.
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1. INTRODUCTION

Globally, tuberculosis (TB) disease remains a highly prevalent and life threatening disease to 

humans- where it is estimated that about a third of the world’s population is infected with 

TB (WHO fact sheet 2015). Once an individual is infected with the species Mycobacterium 

tuberculosis (Mtb), a small subset (5–10%) of the infected population will go on to develop 

primary active tuberculosis (ATB) disease, while over 90% carry the infection in a latent or 

subclinical stage (1). This observation highlights the inter-individual variability of host 

immune responses in the containment of Mtb infection.

Host adaptive immune responses are critical in the effective containment of TB disease, 

demonstrated by the dramatic increase in the reactivation risk of TB during HIV disease (2). 

Though successful clinical treatment with antiretroviral therapy (ART) reduces this risk and 

can restore many aspects of HIV-induced immunological dysfunction (3), incomplete 

restoration is common, and undermines effector immune responses in HIV+ patients (4). 

One hallmark of chronic HIV disease is the persistent immunological inflammation 

observed in HIV patients despite suppressive ART (reviewed in (5)). Immune phenotyping 

studies have reported that peripheral CD4+ T cells from a subset of HIV+ patients on 

suppressive ART regimens continue to display features of increased cellular exhaustion 

(PD-1+) (6), turnover (Ki67+) (7), and senescence (CD28-) (8). Despite these findings, the 

exact cause of immune dysfunction in HIV patients on fully suppressive ART is unclear. 

While the inflammatory effects from the local tissue environment and cytokine milieu have 

been implicated (7), enhanced models of disease at the cellular immunological level are 

lacking.

Studies modeling ex vivo Mtb infection of HIV+/ART patient peripheral immune cells can 

provide physiological insights to this dysfunction by recapitulating the dynamic response to 

tuberculosis disease. These mechanistic immunological studies could explain why CD4+ T 

cells from HIV patients on suppressive ART exhibit lingering signs of dysfunction- 

particularly during co-infections with Mtb. The aim of this study was to establish an ex vivo 
infection model using a live reporter Mtb strain in primary human immune cells. Other 

groups that have performed similar studies report the formation of granuloma-like immune 

cell complexes in healthy donor PBMCs (peripheral blood mononuclear cells) infected with 

Mtb (9,10). To build upon insights from these prior studies, we established a system to 

assess recall immune responses in patients with prior exposure to TB. We hypothesized that 

the quality of CD4+ T cell responses predict the likelihood of patients with latent TB to 

progress to disease, in which the latter is much more likely in patients who are HIV+ and 

PPD+ (2,4). We collected PBMCs from HIV+ and healthy PPD+ (Purified Protein 

Derivative) donors, and performed infections with an auxotrophic, gfp (green fluorescent 

protein)- expressing Mtb strain (H37Rv derivative, ΔpanCD, ΔleuD).

In accordance with our hypothesis that HIV+/ART PPD+ donors would display features of 

immune anergy, we report that HIV+/ART patients with latent TB (PPD+) indeed display an 

impaired ability to recruit activated leukocytes to the Mtb-infected core. Furthermore, Mtb-

infection cultures from HIV+/ART PPD+ patients failed to produce chemoattractant 

proteins, pro-inflammatory macrophage cytokines, and Th1 effector cytokines. To 

Seu et al. Page 2

Clin Immunol. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



understand the cause of this impaired effector mechanism within discrete CD4+ T cells from 

HIV+/ART PPD+ donors, we assessed the enrichment of proteins from purified primary 

CD4+ T cells from HIV+/ART patients via LFQ (label-free quantification) protein mass 

spectrometry. This unbiased screening enables the elucidation of endogenous expression 

levels of key proteins critical for CD4+ T cells to engage in downstream effector 

mechanisms, such as those against Mtb-infection. We report a dysregulated transcription 

factor network (e.g., histone variant H2a.Z, ribonucleoproteins, and c-myc) in CD4+ T cells 

from HIV patients with limited effector capabilities against Mtb-infected cells. These 

findings may explain in part the nature of partial CD4+ T cell anergy in HIV+/ART patients, 

and elucidates potential therapeutic strategies against tuberculosis disease.

2. MATERIALS AND METHODS

2.1 Human subjects

Written informed consent was obtained from all healthy adults and HIV+ patients prior to 

obtaining the biological specimens and clinical data used in this study (Table 1). Each donor 

attested to his or her medical fitness and willingness and ability to donate blood. Donors 

were assessed for their PPD status based on medical history (healthy donors) or clinical 

chart review (HIV donors). For this latter cohort, tuberculosis disease status was ascertained 

based on clinical diagnostic chart reviews of HIV patients seen at the outpatient 1917 clinic 

at the University of Alabama at Birmingham.

2.2 Isolation of plasma and primary peripheral bloods cells

PBMCs were isolated from peripheral blood drawn into EDTA (ethylenediaminetetraacetic 

acid) tubes by density gradient centrifugation using Ficoll–Paque Plus (GE Healthcare Life 

Sciences, Uppsala, SE). PBMCs washed with PBS (phosphate buffered saline) were frozen 

in aliquots of fetal bovine serum (FBS) with 10% dimethyl sulfoxide (Sigma, St Louis, 

MO), and stored in a liquid nitrogen cryofreezer until use. Cryopreserved PBMCs were 

rapidly thawed and washed in RPMI 1640 (HyClone GE Healthcare Life Sciences, Logan, 

UT) supplemented with 10% FBS (HyClone), 1% penicillin/streptomycin and 2 mM L–

glutamine (Corning Cellgro, Manassass, UA) (hereafter referred to as R10++ medium). 

PBMCs were counted and assessed for viability with a Guava EasyCyte flow cytometer 

(EMD Millipore, Billerica, MA), pelleted, and then re–suspended at an adequate cell 

number for subsequent experiments. Cellular viability was further defined by positivity with 

an amine reactive dead cell dye, and the median lymphocyte viability ranged from 85–95%.

2.3 Ex vivo Mtb primary infection cultures and quantification of surface area using ICY 
software

PBMCs were infected with Mtb at an multiplicity of infection (MOI) of 1:1 (bacillus:cell) in 

the antibiotic-free RPMI + 10% FBS media in 24 well polystyrene cell culture plates at 1 

million cells per 1 mL of culture media. Tuberculosis infections were performed with an 

auxotrophic, gfp - expressing Mtb strain (H37Rv derivative, ΔpanCD, ΔleuD) chosen to 

allow experiments under BSL2 conditions (11,12). For infection culture studies of 

monocyte, PBMCs from each donor were plated onto 24-well plates as indicated above, and 

non-adherent cells were removed after 2 hours of culture. The remaining adherent 
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monocytes were subsequently infected with Mtb at an MOI of 1:1 (bacillus:cell) after 

estimating a 10% composition of monocytes within donor PBMCs. The Mtb H37Rv derived 

auxotroph strain was grown as previously described, and the growth media was 

supplemented with 24 µg/ml pantothenate and 50 µg/ml L-leucine (12). Culture images over 

the course of 1 – 4 days were captured on the EVOS Cell Imaging Systems (Thermo Fisher 

Scientific) in overlapping bright field and green fluorescence field, and an average of 20 

separate captures in 10× fields per sample were evaluated and collected in triplicates to 

quantify mean surface areas for each infection culture (µm^2). Measurement of leukocyte 

aggregate surface area was captured for each Mtb (gfp)-containing lymphocyte aggregate 

with the freehand ellipse tool in the Icy bioimage informatics platform http://

icy.bioimageanalysis.org/ (13).

2.4 Bioplex multi-analyte assay

Multi-analyte assays were performed using the MILLIPLEX® MAP Human Cytokine/

Chemokine 41-plex Magnetic Bead Panel Immunology Multiplex Assay (Merck Milliplore, 

Billerica, MA) designed to measure a panel of human cytokines and chemokines in 

multiplex. 24-hour supernatant cultures were collected and assayed according to the protocol 

provided by the manufacturer (Merck Milliplore), and samples were analyzed using a Bio-

Plex 200 instrument. The output median fluorescence intensity (MFI) data was analyzed 

using weighted 5-parameter logistic for calculating the cytokine and chemokine 

concentrations in the samples based on the standard curves. Data analysis was performed 

using Bio-Plex manager 6.0 software (Bio-Rad, Hercules, CA). Cytokine responses in the 

Mtb infection culture were calculated as the difference in the mean measured cytokine of the 

background expression levels to the experimental condition.

2.5 Mass Spectrometry

Sample Preparation—Cryopreserved PBMCs were thawed, and proteins were extracted 

from untouched CD4+ T cells (CD4+ T cell enrichment kit from Stemcell Technologies, 

Cambridge, MA) using the mammalian protein extraction reagent (M-PER) (Thermo Fisher 

Scientific, Waltham, MA). Proteins were then quantified using Pierce Bicinchoninic Acid 

(BCA) Protein Assay Kit (Thermo Fisher Scientific). Following the separation of 10 µg of 

protein by 1D polyacrylamide gel electrophoresis, each lane was cut into equal molecular 

weight fractions and prepared for analysis via nano-HPLC electrospray ionization multistage 

tandem mass spectrometry according to the methods published by our group previously (14).

Peptide Filtering, Grouping, and Quantification—The list of peptide identities 

generated based on SEQUEST search results were filtered using Scaffold (Proteome 

Software, Portland Oregon). The Scaffold program was used to filter and group all peptides 

to generate and retain high confidence identities, while also generating normalized spectral 

counts (N-SC’s) across all samples for relative quantification. The filter cut-off values were 

set with minimum peptide length of >5 amino acids, with no 1+ charge states, peptide 

probabilities of >80% confidence intervals, and with the number of peptides per protein set 

at ≥2. In addition, upon setting protein probabilities to a >99.0% confidence interval, and 

with a false discovery rate (FDR) of <1.0, 1267 high confidence proteins were identified. 

Seu et al. Page 4

Clin Immunol. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://icy.bioimageanalysis.org/
http://icy.bioimageanalysis.org/


Relative quantification across experiments was performed via spectral counting (15,16), and 

spectral count abundances were subsequently normalized between samples.

Pairwise Statistical & Systems Analysis—For the proteomic data generated, two 

separate non-parametric statistical analyses were performed between each pair-wise 

comparison. These non-parametric analyses included (1) the calculation of weight values by 

significance analysis of microarray (SAM; cut off >|0.6| (17)) and (2) t-test (single tail, 

unequal variance, cut off of p < 0.05), which were subsequently sorted according to the 

highest statistical relevance in each comparison. For protein abundance ratios determined 

with N-SC’s, we set a ≥1.5 fold change as the threshold for significance, determined 

empirically by analyzing the inner-quartile data from the control experiment indicated above 

using natural logarithmic plots, where the Pearson’s correlation coefficient (R) was 0.98, and 

>99% of the normalized intensities fell between +/−1.5 fold. For these analyses, a passing 

score was defined as any two of the three tests (SAM, t-test, or fold change) achieving their 

defined respective threshold.

Gene ontology assignments and pathway analysis were carried out using MetaCore using 

non-supervised protein interaction networks (GeneGO Inc., St. Joseph, MI). Interactions 

identified within MetaCore were manually correlated using curated full text articles within 

the software’s algorithms (18,19).

2.6 Statistical analysis

All analyses with more than 2 groups were performed with 2-way ANOVA, with a Sidak’s 

multiple comparisons post-test correction. Analyses comparing 2 groups were performed 

with Mann-Whitney test for non-normally distributed values. All correlation analyses were 

performed with Pearson correlation coefficient assessment of normally distributed data. 

Within the manuscript text, all clinical experimental values are reported as median ± 

interquartile range. The statistical software used was GraphPad Prism v5.0d (Graphpad 

Software, La Jolla, CA, USA). P values for all statistical analyses are depicted as follows: 

*p<0.05, **p<0.01, ***p<0.001.

3. RESULTS

3.1 HIV patients display a leukocyte recruitment defect in an ex vivo culture model of Mtb-
infected donor monocytes

Infection with HIV is a significant risk factor that predisposes an individual for Mtb 

infection and subsequent progression to active disease, and can be reduced with the initiation 

with ART (3). T cells from HIV patients display a diminished ability to respond to Mtb 

protein/peptide antigen, partially explaining why host immunity is compromised within this 

cohort (20). In order to understand host immune mediators of Mtb infection during the 

course of HIV disease during successful ART, PPD+ donors were recruited for the study. 

HIV+/ART PPD+ donors matched by age and gender to healthy PPD+ donors were assessed 

for their current CD4+ T cell counts, CD4+ T cell nadir, viral load, and years of successful 

ART (Table 1).
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Ex vivo Mtb infection models have been established before, with some reporting the 

formation of large granuloma structures in PBMCs infected with Mtb (9). A recent 

comprehensive study established an in vitro granuloma model in PBMCs and established 

differences between healthy individuals and those with latent TB infection (10). We assessed 

immune cells from HIV+/ART patients with prior history of TB to determine if there was an 

impaired immune response to Mtb infection. We isolated PBMCs from these patients and set 

up an ex vivo model of infection with a reporter gfp expressing Mtb organism (11). We 

observed that leukocytes from HIV+PPD+ donors formed smaller and more diffuse 

aggregates around gfp+ Mtb infected host monocytes (Figure 1A). To determine a more 

quantitative assessment of leukocyte aggregation to gfp+ Mtb infected monocytes, images 

were captured using fluorescence microscopy. Upon 24 hours of culture at an MOI 

(multiplicity of infection) of 1:1, the leukocyte aggregates surrounding Mtb-infected 

monocytes were quantified. The surface area of leukocyte aggregates was diminished in HIV

+/ART+ PPD+ donors (1205 ± 512 µm^2) compared to those of healthy PPD+ donor 

PBMCs (1820 ± 641 µm^2) (Figure 1B). This difference persisted into Days 2–3 post-

infection, with leukocyte aggregates approaching 2925 ± 723 µm^2 in healthy PPD+ donor 

samples, and 2215 ± 940.7 µm^2 in HIV+/ART PPD+ samples (Figure 1B).

To determine the cause of this leukocyte recruitment defect in HIV+ donors, we assessed a 

panel of human cytokines and chemokines on 24-hour supernatants from each infection 

culture. Out of the various soluble factors assessed, MCP-1 and MDC were most potently 

diminished in isolated Mtb-infected monocytes, suggesting that the induction of this class of 

chemoattractant proteins was inherently impaired in monocytes from HIV patients (Figure 

1C and 1D). These monocyte chemoattractant proteins function to recruit leukocytes, and 

may be recruiting Mtb-reactive leukocytes to infected monocytes (21). Additionally, the 

neutrophil chemoattractant IL-8 was also diminished in monocytes from HIV patients 

(Figure 1E).

In summary, HIV donor leukocytes are diminished in their ability to recruit leukocytes to 

Mtb-infected monocytes, and may reflect a defect in the induction of leukocyte 

chemoattractant proteins.

3.2 Culture supernatants from HIV donor ex vivo model of Mtb- infection have diminished 
induction of inflammatory IL-1 family cytokines

Based on the observation that HIV donor ex vivo cultures had a diminished induction of 

leukocyte recruitment cytokines, we determined whether additional effector cytokines were 

altered in HIV donor Mtb infection cultures. It has been recently reported that IL-1α is an 

upstream regulator of other leukocyte recruitment cytokine networks (e.g., IL-6/IL-8) (22). 

Additionally, there are multiple roles of human recombinant interleukin 1 during 

homeostasis and disease (23), and via a macrophage-mediated mechanism (24). Due to their 

potential role in containment of Mtb-infection and recruitment of activated leukocytes, we 

assessed IL-1 family cytokines in the culture supernatants from the primary Mtb infection 

cultures.

Assessment of culture supernatants revealed that donor PBMCs from HIV+/ART patients 

had diminished levels of IL-1 family cytokines (Figure 2A). This result strongly 
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corroborates a recent study reporting that IL-1α was the strongest predictor of Mtb infection 

within HIV patients (25), underscoring its critical effector role in response to infection. 

Similarly, the same result was seen with IL-1β (Figure 2B), and is significant given its role 

in host resistance to M. tuberculosis (26). These findings indicate that the leukocyte 

recruitment deficit observed in Mtb-infection cultures from HIV+/ART donors is concurrent 

with an impaired induction of the IL-1 family of effector cytokines.

3.3 Th1 signaling pathways are dysfunctional from an ex vivo Mtb culture infection model 
from HIV donors

Based on our finding that Mtb-infection cultures from HIV donors have an impairment of 

both leukocyte recruitment capabilities and the induction of the inflammatory IL-1 family of 

cytokines, we asked whether T helper immune responses known to be protective against Mtb 

were also attenuated. Prior studies have implicated the role of IL-1 in the activation of T 

lymphocytes (27) and in priming their proliferation and antigen-specific functions (28,29). 

Additionally, studies in clinical tuberculosis patients and in animal models of disease have 

shown that efficient control of TB requires a robust “Type 1” immune response, elucidated 

in mouse models of disease (30), and in human genetic studies of IL-12 receptor deficiency 

(31).

We assessed Th1 polarizing cytokines (IL-12) as well as Th1-defining cytokines (IFN-γ, and 

IP-10) in the culture supernatants from HIV donor PBMC Mtb infection cultures. IL-12p70 

is a Th1 priming cytokine secreted by activated macrophages, and has been shown in in vitro 
(32) and in vivo models of Mtb infection (33). We show here that levels of IL-12p40 and 

IL-12p70 are impaired in culture infection supernatants in HIV patients, in accord with the 

fact that there may be diminished priming of monocytes during chronic HIV disease (Figure 

3A and 3B).

IFN-γ is a major product of Th1 cells and influences naïve CD4+ T cell differentiation 

toward a Th1 phenotype (34). In addition to the reduction of Th1 polarizing cytokines in 

HIV culture supernatants, the primary Th1-associated cytokine IFN-γ was also diminished 

(Figure 3C). IP-10 (IFN-γ - inducible protein) is induced in cells upon stimulation with 

IFN-γ (35). We report that IP-10, a Th1 associated cytokine, is also reduced in HIV culture 

supernatants (Figure 3D). This finding was significant in consideration of the critical role 

that IP-10 has in effector T cell generation and trafficking (36). Additionally, we report that 

Mtb - infected leukocytes potently induce these Th1 effector molecules from day 1 – 4 of 

infection in healthy PPD+ donors, whereas the effect was not observed in HIV+/ART PPD+ 

donor cultures (Supplemental Figure 1A and 1B).

These findings indicate that HIV donors not only have a deficit in their leukocyte 

recruitment capacity and induction of IL-1 family of effector cytokines, there is also a 

profound defect in their ability to mount a protective Th1 response against Mtb.

3.4 The Protein Interaction Network (PIN) of CD4+ T cells from healthy vs. HIV+ donors 
reveal diminished expression of transcriptional nucleoproteins

To determine whether baseline T cell phenotypes were altered in our HIV+/ART patient 

cohort, we performed a cell surface expression analysis of markers of T cell exhaustion 
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(PD-1) (37), senescence (CD28) (8), and activation (CD38) (38) (Supplemental Table 1). 

Within our cohort of ART suppressed HIV patients, there were no significant differences in 

T cell phenotype - likely due to the prolonged length of successful ART suppression 

(Supplemental Figure 2).

Due to the lack of obvious surface phenotype that may define the Th1-polarized immune cell 

defect, we decided to perform an unbiased screen of CD4+ T cells from a subset of HIV 

patients (Supplemental Table 1). We have previously shown that cellular anergy contributes 

to cellular dysfunctionality of discrete CD4+ T cells from HIV patients (39). Cellular anergy 

results in the inability to mount a complete response against target - oftentimes induced by 

the chronic nonspecific stimulation during viral infections (40,41). Within T cells, this 

influences cell proliferation, cytokine induction, cell signaling, and cell metabolism (42). In 

our prior work, we demonstrated that latently HIV infected T cells display hallmarks of 

cellular anergy – exhibited by attenuated NF-κB induction and altered levels of T cell 

anergy-related proteins (e.g., GRAIL, ICER, and Dryk1a) (39).

Upon performing LFQ protein mass spectrometry on purified CD4+ T cells from HIV

+/ART patients, we observed several enriched PIN (protein interaction network) signatures 

(Figure 4). The most enriched PIN signature was of the key nucleoproteins- notably of the 

histone protein variant (H2AFZ) and ribonucleoprotein A1 (hnRNP H1). Both of these 

nucleoproteins were diminished in discrete CD4+ T cells from HIV+/ART patients. Upon 

assessment of protein enrichment by normalized spectral count (N-SC) values, beta-2 

microglobulin, and CD2 (LFA-2) were also shown to be potently diminished in CD4+ T 

cells from HIV+ donors. These results indicated that a network of immune priming and 

signaling molecules were defective during chronic HIV disease (Supplemental Figure 3). 

Taken together, these findings highlight the coordination of several key endogenous 

nucleoproteins within CD4+ T cells that are poised to initiate immune cell responses upon 

TCR engagement (i.e., cognate antigen recognition). The full GO (gene ontology) 

enrichment analysis report of the top 5 networks is listed in Supplemental Table 2.

Our results from this unbiased screening approach to determine whether “anergy-like” 

defects could be observed in CD4+ T cells from our HIV+/ART patient cohort reveal the 

profound attenuation of a complex of proteins that initiate transcriptional regulation- notably 

of key nucleoproteins involved in transcriptional regulation (e.g., H2a.Z and hnRNP h1 

proteins).

3.5 CD4+ T cell levels of endogenous histone isoform (H2a.Z) is correlated with IFN-γ 
induction in healthy PPD+ donors

We next explored whether the endogenous nucleoprotein attenuation in CD4+ T cells from 

HIV patients may correlate with the inter-individual variability observed in Mtb-induced 

Th1 responses. Based on our prior data showing a robust induction of several Th1-priming 

and – associated cytokines (Figure 3), we performed correlation assessment to these 

cytokine levels. We assessed the normalized spectral count (N-SC) mass spectrometry data 

for relative quantification of H2a.Z and correlated this value to the ex vivo Mtb infection 

culture supernatant levels from each donor. We show that the levels of endogenous H2a.Z in 
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PPD+ donors were correlated to the extent of IFN-γ induction from healthy donors (r= 0.78, 

P<0.05) but not in HIV+ PPD+ donors (r= 0.03, P<n.s.) (Figure 5A and 5B).

Our results implicate that the inability of patient CD4+ T cells to mount a recall response to 

Mtb antigen may be tightly correlated with the diminished levels of endogenous 

nucleoproteins at the individual cellular level. These transcription factor proteins are likely 

poised to mobilize the cellular transcriptional machinery upon host recognition of cognate 

antigen. This finding is significant as it suggests a potential mechanism for the immune 

hypo-responsiveness to Mtb recall antigen within HIV patients (43–45). These findings may 

elucidate why chronic HIV patients have such poor clinical outcomes related to TB disease 

management. Studies aimed at improving the transcriptional induction of critical Th1 

effector molecules, through specific activation of key transcription factors and their 

associated regulatory proteins, may be one approach to improve immune responses in this 

cohort.

In conclusion, we report that there is a significant association between the attenuated levels 

of the transcriptional regulatory nucleoproteins, and the subsequent ability of the CD4+ T 

cells from HIV+/ART patients to induce Th1 effector cytokines upon exposure to Mtb 

antigen.

4. DISCUSSION

Antiretroviral therapy (ART) has been successful at extending years of life in HIV patients 

(46), suppressing viral replication (47), and increasing CD4+ T cell numbers (48). However, 

immunological complications persist in the T cell compartment from HIV patients on fully 

suppressive ARTs (6–8), perhaps caused by ineffective containment of HIV in localized 

tissue inflammation sites. This may lead to long-term consequences on immune cells during 

suppressive ART, thus influencing the containment of co-pathogens such as Mtb.

To address these questions, we performed an immunological study assessing Mtb recall 

responses from HIV+/ART patients. We report that Mtb-infected monocytes from HIV

+/ART patients display diminished lymphocyte recruitment and an overall defect in 

recruiting leukocytes to infected cells (Figure 1A and 1B). We also show that Mtb-infected 

monocytes from HIV+/ART patients display diminished induction of the chemoattractant 

proteins MCP-1/ and MDC (Figure 1C and 1D). Concurrently, we observed a lack of 

IL-1α/β (Figure 2) and Th1 priming cytokines in the Mtb infection cultures from HIV 

patient immune cells (Figure 3). To determine whether these downstream effector functions 

were influenced by basal CD4+ T cell defects, we performed a label-free quantification 

(LFQ) high throughput mass spectrometry screen of purified CD4+ T cells from HIV 

patients. Indeed, we discovered that CD4+ T cells from HIV+/ART patients possessed 

diminished levels of endogenous regulatory transcriptional elements (Figure 4 and 5).

These findings illustrate the paradigm of discretely dysfunctional CD4+ T cells from 

chronically infected HIV patients – despite effective clinical management with ART. This 

novel finding is mutually exclusive to the clinical reports showing that diminished CD4+ T 

cell count strata are robustly predictive for the risk for Mtb infection and subsequent 
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progression to active disease (3,49). Our study adds an important dimension to this well-

documented clinical observation, and reveals that there is a dysfunctional signature on a “per 

cell” basis within CD4+ T cells from HIV patients on chronic ART. These findings were 

elucidated by utilizing an ex vivo model of Mtb infection- enabling a better understanding of 

functional recall responses to live Mtb organism. Additionally, they may address some of the 

root causes for the increased false negative tuberculin skin test (TST) results within HIV+TB

+ due to immune cell anergy (50,51). Addressing this “per cell” defect can give us a better 

sense of the role of how both the innate and adaptive immune response work together to 

contain and eradicate TB – so that enhanced diagnostics and vaccines can be developed.

Mass spectrometry (MS)- based proteomic analyses is a powerful tool for the discovery of 

novel targets that are altered in host immune cells, particularly when linked to their 

downstream effector responses. The ability to perform label-free quantification (LFQ) 

methods for an unbiased readout of novel targets reveals a better insight into the global 

cellular defects inherent in primary immune cells during disease states. These MS methods 

for the global quantification of proteins have allowed for the discovery of hundreds of 

candidate biomarkers of disease, demonstrated by a recent study of host protein biomarkers 

identifying active tuberculosis in HIV uninfected and co-infected individuals (52). In our 

study, we utilized this as a powerful discovery tool to assess the “per cell” defect of purified 

CD4+ T cells from HIV patients (S. Table 1). The use of label-free quantification (LFQ) 

high throughput mass spectrometry, as well as the equal loading of protein concentrations of 

purified CD4+ T cells from all donors, facilitates the discovery of endogenous cellular 

defect of discrete cells in a highly unbiased fashion. Utilizing this next-generation 

technology, we discovered that CD4+ T cells from HIV+/ART patients possessed 

diminished levels of endogenous regulatory transcriptional elements that have been 

previously reported to exert important CD4+ T cell effector functions (Figure 4 and 5).

One of these elements, the nucleoprotein histone 2a.Z isoform (H2a.Z), has been shown to 

control the extent of nucleosome positioning at the -1 nucleosome of the transcription start 

sites (TSS) of several key genes upon TCR activation in CD4+ T cells (53). In this study, 

genomewide maps of nucleosome positions in both resting and activated human CD4+ T 

cells were generated, and H2a.Z was elevated upon TCR engagement and signaling. This in 

turn contributed to the extensive nucleosome reorganization in promoters/enhancers to allow 

transcriptional activation in activated CD4+ T cells (53). A later study confirmed that this 

histone isoform promotes transcriptional competence (54). Concordant with these finding, 

our observation that the histone variant H2a.Z was diminished in CD4+ T cells from HIV

+/ART patients may allude to a defect in the repositioning of critical transcription factors 

necessary to activate effector immune molecules upon cellular activation. Additionally, 

another regulatory protein elucidated from our screen was the heterogeneous nuclear 

ribonucleoprotein h1 isoform (hnRNP h1), an RNA binding proteins that forms a complex 

with heterogeneous nuclear RNA. Interestingly, it has been reported that this class of 

regulatory proteins are subverted by HIV-1 molecular mechanisms within the infected CD4+ 

T cell. Notably, this group reported that HIV-1 mediated the suppression of T cell activation 

through the subversion of complex transcriptional networks inside the infected cell (55).
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These combined findings (enriched cellular processes listed in S. Table 2) highlights the 

paradigm of a dysregulated transcription factor network (e.g., histone variant H2a.Z, c-myc, 

and ribonucleoproteins) in CD4+ T cells from HIV patients with limited effector capabilities 

against Mtb-infected cells. These findings may explain in part the nature of CD4+ T cell 

anergy in HIV+/ART patients, and elucidates potential therapeutic strategies against 

tuberculosis disease.

5. CONCLUSIONS

In this study, we report the novel application of a lab-adapted reporter Mtb infection model 

for use in primary immune cell culture. On the basis of this model, we report that there is a 

leukocyte recruitment defect to Mtb-monocytes from HIV+/ART donors. Furthermore, we 

show that HIV patient cultures had reduced MCP and MDC chemoattractants, IL-1α/β, and 

Th1 cytokines. In terms of clinical application, these results may explain in part why many 

HIV+ TB+ patients display cutaneous anergy for the PPD tuberculin skin test. Additionally, 

these findings shed an important mechanistic pathway, combining aspects of both innate and 

adaptive immunity, as to why effector T cell responses to Mtb are limited in HIV patients 

even after suppressive ART. Additionally, an unbiased LFQ (label-free quantification) 

protein mass spectrometry analysis on purified CD4+ T cells from HIV patients reveals a 

defect of key regulatory proteins. We report a dysregulated transcription factor network (e.g., 

histone variant H2a.Z, and various ribonucleoproteins) in CD4+ T cells from HIV patients 

with limited effector capabilities against Mtb-infected cells. However, the small number of 

patient samples, as well as the use of an auxotrophic Mtb strain, limits the generalizability of 

this study. Validation within a larger cohort of HIV patients, as well as a broader cohort of 

immune suppressed individuals, can translate this finding into enhanced therapeutics and 

enhanced tuberculosis diagnostics.
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Highlights

• There is a lymphocyte recruitment defect to Mtb-macrophages from HIV

+/ART donors

• HIV+/ART Mtb-infection cultures have diminished, IL-1a/b and Th1 cytokine 

induction

• Mass spectrometry analysis on purified CD4+ T cells from HIV patients was 

performed

• Label free quantification was performed to generate unbiased Protein 

Interaction Networks

• There is a “per-CD4+ T cell” defect of nucleoproteins in patients with poor 

Mtb-responses
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Figure 1. HIV patients display a leukocyte recruitment defect in an ex vivo culture model of Mtb-
infected donor monocytes
(A) Cryopreserved PBMCs from healthy PPD+ donors (n=20) and HIV+ PPD+ donors on 

ART (n=13) were infected with an auxotrophic, gfp -expressing Mtb strain (H37Rv 

derivative, ΔpanCD, ΔleuD) at an MOI of 1:1, and representative 24-hour culture images 

were captured and shown here as merged bright and GFP fields. Represented donors are a 

subset of individuals represented in Table 1.

(B) Mean surface areas (um^2) for leukocyte aggregates clustering around Mtb infected 

monocytes were quantified with the freehand ellipse tool in the Icy bioimage informatics 

platform http://icy.bioimageanalysis.org/. An average of 20 separate captures in 10× fields 

per sample were evaluated and collected in triplicates to quantify mean surface areas for 

each infection culture (µm^2), and statistical analysis was performed with a Mann-Whitney 

test for non-normally distributed values (P values indicated as follows: *p<0.05, **p<0.01, 

***p<0.001). Data represent the mean +/− standard error of the mean (SEM) for 10 donors 

in each group.
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(C) MCP-1 (D) MDC and (E) IL-8 were assessed by multiplex cytokine analysis from 24-

hour culture supernatants from each donor. Cryopreserved PBMCs were infected with an 

auxotrophic, gfp -expressing Mtb strain (H37Rv derivative, ΔpanCD, ΔleuD) at an MOI of 

1:1 24-hour cultures). Horizontal lines indicate median of each value, with positive and 

negative error bars depicting interquartile ranges. Data were analyzed using Mann-Whitney 

test for non-normally distributed values (P values indicated as follows: *p<0.05, **p<0.01, 

***p<0.001).
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Figure 2. Culture supernatants from HIV donor ex vivo model of Mtb- infection have diminished 
induction of inflammatory IL-1 family cytokines
(A) IL-1α and (B) IL-1β were assessed by multiplex cytokine analysis from 24-hour culture 

supernatants from each donor. Cryopreserved PBMCs were infected with an auxotrophic, 

gfp - expressing Mtb strain (H37Rv derivative, ΔpanCD, ΔleuD) at an MOI of 1:1 24-hour 

cultures). Scatter plots depicting each of these values are represented as open circles 

indicating values from uninfected PBMCs in control wells or closed circles indicating values 

from Mtb infected wells. H Horizontal lines indicate median of each value, with positive and 

negative error bars depicting interquartile ranges. Data were analyzed using 2-way ANOVA 

statistical analysis with a Sidak post-test (P values indicated as follows: *p<0.05, **p<0.01, 

***p<0.001).
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Figure 3. Th1 signaling pathways are dysfunctional from an ex vivo Mtb culture infection model 
from HIV donors
(A) IL12p40 (B) IL12p70 (C) IFN-γ and (D) IP-10 were assessed by multiplex cytokine 

analysis from 24-hour culture supernatants from each donor. Cryopreserved PBMCs were 

infected with an auxotrophic, gfp -expressing Mtb strain (H37Rv derivative, ΔpanCD, 

ΔleuD) at an MOI of 1:1 24-hour cultures). Scatter plots depicting each of these values are 

represented as open circles indicating values from uninfected PBMCs in control wells or 

closed circles indicating values from Mtb infected wells. Horizontal lines indicate median of 

each value, with positive and negative error bars depicting interquartile ranges. Data were 

analyzed using 2-way ANOVA statistical analysis with a Sidak post-test (P values indicated 

as follows: *p<0.05, **p<0.01).

Seu et al. Page 20

Clin Immunol. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. The Protein Interaction Network (PIN) of CD4+ T cells from healthy PPD+ vs. HIV+ 
PPD+ donors reveal diminished expression of transcriptional nucleoproteins
Purified CD4+ T cells from donors (S. Table 1) were harvested, and protein lysates were 

purified and loaded equally (10 µg) onto a nano-HPLC electrospray ionization multistage 

tandem mass spectrometer. Gene ontology assignments and pathway analysis were carried 

out using MetaCore using non-supervised protein interaction networks. The Scaffold 

program was used to filter and group all peptides to generate and retain high confidence 

identities, while also generating normalized spectral counts (N-SC’s) across all samples for 

relative quantification. Of the 1267 proteins identified upon setting protein probabilities to a 

>99.0% confidence interval, non-parametric analyses included (1) the calculation of weight 

values by significance analysis of microarray (SAM; cut off >|0.6| (17)) and (2) t-test (single 

tail, unequal variance, cut off of p < 0.05), which were subsequently sorted according to the 

highest statistical relevance in each comparison. The pathway legend can be found on the 

Metacore website: https://ftp.genego.com/files/MC_legend.pdf
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Figure 5. CD4+ T cell levels of endogenous histone isoform (H2a.Z) is correlated with IFN-γ 
induction in healthy PPD+ donors
The normalized spectral count (N-SC) mass spectrometry data for relative quantification of 

H2a.Z was correlated this value to the ex vivo Mtb infection culture supernatant levels from 

each donor. H2a.Z relative quantification correlation analyses were performed for IFN-γ 
cytokine concentrations in (A) control and (B) Mtb-infected cultures (r= 0.78, P<0.05) from 

healthy PPD+ (r= 0.78, P<0.05) and HIV+ PPD+ (r= 0.03, P<n.s.) donors. Statistical 

analyses were performed with Pearson’s correlation coefficient.
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Table 1

Cohort description of PPD+/TB+ donors

Healthy PPD+ HIV+ PPD+

n 20 13

Male % 55.0% 46.2%

Black/African American 55.0% 77.0%

Median Age (I.Q.R.) 44 (27.8 – 55.9) 41.1 (36.1–48.1)

Median CD4+ T cell count (I.Q.R.) \ 517 (393 – 683)

Median CD4+ T cell nadir (I.Q.R.) \ 301 (161 – 407)

Median Viral Load (I.Q.R.) \ 49 (47 – 49)

Median years of ART (I.Q.R.) \ 6.4 (1.6 – 11.9)
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