
Citation: Huang, S.; Liu, M.; Zhang,

H.; Song, W.; Guo, W.; Feng, Y.; Ma, X.;

Shi, X.; Liu, J.; Liu, L.; et al. HIV-MTB

Co-Infection Reduces CD4+ T Cells

and Affects Granuloma Integrity.

Viruses 2024, 16, 1335. https://

doi.org/10.3390/v16081335

Academic Editor: William A. Paxton

Received: 22 June 2024

Revised: 8 August 2024

Accepted: 19 August 2024

Published: 21 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

viruses

Article

HIV-MTB Co-Infection Reduces CD4+ T Cells and Affects
Granuloma Integrity
Suyue Huang 1, Maoying Liu 2, Hui Zhang 3, Wei Song 1, Wenjuan Guo 1, Yanling Feng 1, Xin Ma 1, Xia Shi 1,
Jianjian Liu 1, Li Liu 1, Tangkai Qi 1, Zhenyan Wang 1, Bo Yan 1,* and Yinzhong Shen 1,*

1 Shanghai Public Health Clinical Center, Fudan University, Shanghai 201508, China;
bedelia1234@163.com (S.H.); songwei@shaphc.org (W.S.)

2 Department of Microbiology, School of Basic Medical Sciences, Guizhou Medical University,
Guiyang 550025, China

3 Department of Ultrasound, Zhongshan Hospital, Fudan University, Shanghai 200032, China
* Correspondence: bo.yan@shphc.org.cn (B.Y.); shenyinzhong@shphc.org.cn (Y.S.)

Abstract: Granuloma is a crucial pathological feature of tuberculosis (TB). The relationship between
CD4+ T cells in both peripheral blood and granulomatous tissue, and the integrity of granulomas in
Human Immunodeficiency Virus (HIV)–MTB co-infection, remains unexplored. This study collected
biopsy specimens from 102 TB patients (53 with HIV-MTB co-infection and 49 only with TB). Hema-
toxylin and eosin (HE) staining and immunohistochemical staining were performed, followed by
microscopic examination of the integrity of tuberculous granulomas. Through statistical analysis of
peripheral blood CD4+ T cell counts, tissue CD4+ T cell proportion, and the integrity of granulomas,
it was observed that HIV infection leads to poor formation of tuberculous granulomas. Peripheral
blood CD4+ T cell counts were positively correlated with granuloma integrity, and there was a similar
positive correlation between tissue CD4+ T cell proportions and granuloma integrity. Additionally,
a positive correlation was found between peripheral blood CD4+ T cell counts and the proportion
of CD4+ T cells in granuloma tissues. Therefore, HIV infection could impact the morphology and
structure of tuberculous granulomas, with a reduced proportion of both peripheral blood and tissue
CD4+ T lymphocytes.

Keywords: HIV; tuberculosis; granuloma; co-infection; CD4+ T cell

1. Introduction

HIV and Mycobacterium tuberculosis (MTB) are both major pathogens that pose a threat
to human health. In July 2023, the United Nations Acquired Immunodeficiency Syndrome
(AIDS) program (UNAIDS) released data showing that as of the end of 2022, there were
approximately 39 million people living with HIV globally; in 2022, there were 1.3 million
new HIV infections, and 630,000 people died from AIDS-related diseases [1]. According to
the Global TB Report 2023, published by the World Health Organization (WHO), there were
10.6 million new TB cases worldwide, with 6.7% of these patients co-infected with HIV [2].
TB remains the leading cause of death in people infected with HIV. In 2022, 1.3 million
people died from TB, including 167,000 HIV-infected individuals [2].

Studies show that in HIV-MTB co-infection, there is a complex interaction between
HIV and MTB that influences the incidence and progression of the disease. HIV infection
leads to immunodeficiency, which promotes the infection, dissemination, and disease
development of MTB; the risk of latent tuberculosis infection (LTBI) progressing to active
tuberculosis (ATB) also significantly increases. Additionally, co-infected patients have an
increased lung burden of MTB, leading to disseminated TB [3]. Meanwhile, MTB infection
can enhance HIV transcription and replication, increase variability, and may increase the
susceptibility of immune cells to HIV. The associated immune microenvironment disorder
can also exacerbate the condition [4,5]. Thus, the interaction between HIV and MTB makes
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the condition of co-infected patients relatively more complex and severe, presenting greater
challenges for the diagnosis and treatment of TB in individuals with AIDS.

Due to the functional impairment of macrophages and dendritic cells [6–8] and the de-
pletion of CD4+ T lymphocytes caused by HIV infection, the trajectory of granulomas may
be affected by HIV infection. A systematic review and meta-analysis in 2016 suggested that
the current findings on how HIV infection affects the formation of tuberculous granulomas
were contradictory [9]. For example, among the 13 selected papers, some believed that
peripheral blood CD4+ T lymphocyte levels after HIV co-infection affect the integrity of
granulomas, while other studies found no correlation, and some even suggested that HIV
infection was unrelated to granuloma integrity. Although these studies agreed that HIV
infection would lead to an increase in MTB load in infected individuals, the hypothesis
that “HIV promotes MTB infection by reducing the formation of tuberculous granulomas”
needs further verification. Here, we compare the pathological characteristics of tuberculous
granulomas in biopsy specimens from patients with TB only and HIV-MTB co-infected
patients, as well as the immunohistochemical distribution of three types of T lymphocytes
(CD3+, CD4+, and CD8+), to explore the relationship and influencing factors between HIV
infection and the formation of tuberculous granulomas.

2. Materials and Methods
2.1. Ethics

This research was approved by the Ethics Committee of Shanghai Public Health
Clinical Center, Fudan University (protocol code: Public Health 2019-s030-02, Project
number: Scientific Research Project of Shanghai Science and Technology Commission
18411970800). All patients with TB mono-infection and those co-infected with HIV and
MTB were included in this study and signed a written informed consent form.

2.2. Study Subjects and Data Collection

The study subjects were patients with HIV-MTB co-infection treated at Shanghai Public
Health Clinical Center from February 2017 to September 2020, and TB patients hospitalized
from January to December 2020. The study collected patients’ clinical information relevant
to the infection, including clinical manifestations, laboratory, radiological, pathological
examination results, and clinical treatment information.

2.3. Specimen Collection

Patients underwent biopsies during hospitalization for clinical diagnosis and treat-
ment, and the pathological specimens for this study were obtained from these biopsies. All
biopsies were performed via fine needle aspiration. For patients co-infected with HIV and
MTB, blood was collected during hospitalization according to routine clinical diagnostic
and treatment procedures for peripheral blood CD4+ T lymphocyte testing.

2.4. Case Definition

The diagnosis of AIDS followed the standards in the Chinese Guidelines for Diagnosis
and Treatment of Human Immunodeficiency Virus Infection/Acquired Immunodeficiency
Syndrome (2021 edition) [10], and the diagnosis of TB followed the Guidelines for the
Diagnosis and Treatment of Pulmonary TB (2001) [11]. The classification of TB aligned with
the criteria outlined in TB classification WS196-2017 [12].

2.5. Histopathological Study

The biopsy specimens obtained by ultrasound-guided fine needle aspirate were rou-
tinely dehydrated, embedded in paraffin, cut into continuous sections 4–6 mm thick, and
then stained with hematoxylin and eosin (HE staining), and subjected to special histochem-
ical and immunohistochemical techniques.
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2.6. Granuloma Morphology HE Staining Microscopy

Granuloma morphology HE staining microscopy was used to examine histopathologi-
cal parameters such as inflammatory cell infiltration, granuloma formation, tissue necrosis,
and fibrous tissue proliferation. Based on the pathology assessment, this study classified
the integrity of granuloma formation into three categories: fully formed, incompletely
formed, and unformed.

Fully formed granulomas included three types:

1. Typical granulomas composed of epithelioid cells, multinucleated giant cells, macrophages,
surrounding lymphocytes, and reactive proliferating fibroblasts forming a nodular
structure with a clear boundary and no caseous necrosis at the center.

2. Caseous necrotic granulomas (typical tuberculous granulomas) with complete coagu-
lative necrosis (visually caseous necrosis) at the center of the granuloma.

3. Fibrous granulomas mainly evolved from typical granulomas, predominantly com-
posed of fibroblasts and fibrocytes, with a few epithelioid cells and macrophages [13];

Incomplete granulomas were defined as tissues observed under an optical microscope
showing a trend towards granuloma formation but lacking a complete granuloma structure.
All granulomas were assessed by a pathologist to confirm granuloma classification. Also,
we used Image J (Version: 2.14.0/1.54f) to measure the area size of the fully formed and
incompletely formed granulomas.

2.7. Immunohistochemical Tests

Immunohistochemical staining of paraffin tissue sections was performed using the
kit containing following monoclonal primary antibodies according to standard operating
procedures: CD3, CD4, CD8 (Product name: BD MultitestTM CD3/CD8/CD45/CD4;
Cat# 340499).

The standard process for immunohistochemical testing involved the use of a German
Leica automatic immunohistochemistry machine, starting with Leica Bond-Max computer
input and programming, and setting the procedure. The general process included deparaf-
finization, alcohol processing, antigen retrieval using EDTA or citrate salts (pH 6.0–9.0), and
heat-induced epitope retrieval at 100 degrees Celsius for about 30 min using the machine’s
in-built program, primary antibody incubation for about 20 min, and secondary antibody
binding for about 20 min. Secondary antibodies and auxiliary reagents were purchased
from the German company Leica Reagents (Wetzlar, Germany). Monoclonal primary
antibodies were acquired from Shanghai Gene Technology Co., Ltd. (Shanghai, China).
PBS was used as a blank control instead of the primary antibody, and known positive
tissues were used as positive controls. DAB staining was followed by counterstaining with
hematoxylin. After the Bond-Max machine signaled the end of the process, the software
program was terminated. The slides were then dehydrated, cleared, and mounted with
neutral balsam. The results were accurately determined based on the positive localization
of different antibodies.

2.8. Quantitative Analysis of Immunohistochemistry

The material was evaluated with the use of a light microscope (Leica Reagents, Wet-
zlar, Germany)) using ×40 lenses. Then the digital document was processed using the
ImageView (Version: 1.1.6.1024) software and further magnified by a factor of 10. Expres-
sion was calculated via the use of the Image J software (Version: 2.14.0/1.54f) IHC Profiler
plugin. The scoring mechanism of this plugin has been described [14,15]. The percentages
of high-positive and positive zones were viewed as the quantitative results of the CD3+,
CD4+, and CD8+ T cells. Some blurred images were removed.

2.9. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 25, GraphPad Prism 8.0,
and R×64 4.0.4 software. Comparisons between the two groups were conducted using
t-tests, χ2 tests, and rank-sum tests. Logistic regression and Kendall’s tau-b correlation



Viruses 2024, 16, 1335 4 of 15

analysis were used to analyze factors related to the integrity of granulomas. A significant
difference was set at p < 0.05.

3. Results
3.1. General Information

This study included a total of 102 patients, among whom 53 were co-infected with
HIV/MTB and 49 were mono-infected with MTB. In the co-infection group and the mono-
infection group, the proportion of male patients was 79.2% and 42.9%, respectively, with
an average age of 41.40 (±13.74) years in the co-infection group and 27.71 (±20.04) years
in the mono-infection group. In the co-infection group, 17 individuals were confirmed to
have MTB infection through bacteriological examination, including species identification.
The remaining 36 individuals were diagnosed based on positive acid-fast staining of
pathological specimens, aspirate, sputum, urine, etc., and had a positive response to
empirical anti-TB treatment. In the mono-infection group, 43 individuals were confirmed to
have MTB infection through bacteriological examination. Additionally, six individuals were
diagnosed based on positive acid-fast staining laboratory results and a positive response
to empirical treatment. The species identification was usually based on the MTB IgG
antibody test kit (colloidal gold method) and Xpert MTB/RIF. Most of the biopsy sites
were extrapulmonary, including masses or lymph nodes in areas such as the mandible,
neck, axilla, chest wall, abdomen, adrenal gland, kidney, groin, and arm. Specific details
are presented in Tables 1–3. Furthermore, in the HIV-MTB co-infection group, there
were five patients whose treatment regimens remained unknown. Among the remaining
patients, before biopsy, 12 received no drug treatment, including antiviral treatment (ART)
or treatment of TB; 1 received treatment against TB only; 15 received ART only; and the
remaining 20 received treatment against both two diseases. In the MTB mono-infection
group, excluding 2 patients whose treatment status remained unknown, 20 of the remaining
patients had not received anti-TB treatment before biopsy.

Table 1. General information of the subjects.

Group Average Age (Years)
Gender Biopsy Site

Male Female Pulmonary Extrapulmonary

HIV-MTB co-infection
(n = 53) 41.40 (±13.74) 42 11 5 48

MTB mono-infection
(n = 49) 27.71 (±20.04) 21 28 5 44

Table 2. Detailed information of the HIV-MTB co-infection group.

Subject No. ART before Biopsy Biopsy Site
Biopsy

Anti-Fast Bacilli
Staining

Treatment Regimens
of TB before Biopsy

1 - Neck (mass) (−) -
2 - Neck (mass) (+) -
3 3TC + TDF + EFV Neck (LN) (+) -
4 3TC + TDF + EFV Neck (LN) (+) HRZE
5 - Neck (LN) (+) -
6 3TC + TDF + EFV Groin (LN) -
7 - Neck (mass) (+) -
8 - Neck (mass) (+) -
9 - Neck (mass) (−) -
10 3TC + TDF + EFV Lung (mass) (+) -
11 3TC + TDF + EFV Neck (LN) (+) -
12 - Abdominal cavity (LN) (+) -
13 3TC + TDF + EFV Abdominal cavity (LN) (+) HEZMfx + LZD
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Table 2. Cont.

Subject No. ART before Biopsy Biopsy Site
Biopsy

Anti-Fast Bacilli
Staining

Treatment Regimens
of TB before Biopsy

14 - Mandible (LN) (+) HRZE
15 3TC + TDF + EFV Neck (LN) (+) HRZELfx
16 3TC + TDF + EFV Retroperitoneal (LN) (+) HRZE
17 3TC + TDF + EFV Mediastinum (LN) (+) RfbLfx
18 No detailed regimen Neck (LN) (+) -
19 3TC + TDF + LPV/r Axilla (LN) (+) HREMfx
20 No detailed regimen Adrenal gland (−) HRZE
21 3TC + EFV + LPV/r Neck (mass) (−) RftEMfx
22 TDF + FTC + DTG Lung (mass) (+) HRZE
23 3TC + EFV + LPV/r Abdominal cavity (mass) (+) Mfx + CLI + LZD
24 FTC + DTG Abdominal wall (mass) (+) HRZE
25 3TC + TDF + RAL Abdominal cavity (mass) (+) -
26 3TC + TDF + EFV Lung (mass) (+) -
27 TDF + FTC + DTG Neck (LN) (+) HRZE
28 3TC + TDF + RAL Mandible (LN) (+) -
29 TDF + FTC + DTG Neck (LN) (+) HRfbZ
30 No detailed regimen Neck (LN) (+) HREZLfx
31 3TC + TDF + EFV Lung (mass) (+) HRZEMfx
32 - Neck (mass) (+) -
33 3TC + TDF + EFV Neck (LN) (+) HRZE
34 3TC + TDF + EFV Neck (LN) (+) -
35 3TC + TDF + EFV Abdominal cavity (mass) (−) -
36 3TC + TDF + EFV Mandible (mass) (+) HRZELfx
37 3TC + TDF + EFV Neck (mass) (−) -
38 3TC + TDF + EFV Chest wall (mass) (−) RfbEPto
39 3TC + AZT + LPV/r Neck (LN) (+) -
40 3TC + EFV + AZT Neck (LN) (+) -
41 3TC + TDF + EFV Pelvic cavity (mass) (+) RE
42 - Posterior auricular LN (+) -
43 3TC + TDF + EFV Lung (mass) (+) PaELfx
44 unknown Kidney (mass) (−) unknown
45 unknown Neck (mass) (+) unknown
46 unknown Liver (mass) (+) unknown
47 - Neck (mass) (−) -
48 3TC + EFV + ABC Neck (LN) (+) -
49 - Liver (mass) (−) -
50 - Groin (LN) (−) -
51 unknown Chest wall (mass) unknown
52 TDF + FTC + DTG Arm (mass) (+) -
53 unknown Neck (LN) (+) unknown

“-” means the subject did not receive the treatment; “no detailed regimen” means the subject received the treatment,
but the specifics remained unknown; “unknown” means there was no information about whether the subject
received the treatment. Abbreviations: 3TC, lamivudine; TDF, tenofovir disoproxil fumarate; EFV, efavirenz;
LPV/r, lopinavir/ritonavir; FTC, emtricitabine; DTG, dolutegravir; RAL, raltegravir; AZT, zidovudine; ABC,
abacavir; H, isoniazid; R, rifampin; Z, pyrazinamide; E, ethambutol; Mfx, moxifloxacin; LZD, linezolid; Lfx,
levofloxacin; Rfb, rifabutin; Rft, rifapentine; CLI, clindamycin; Pto, protionamide; Pa, pasiniazid.
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Table 3. Detailed information of the MTB mono-infection group.

Subject No. Biopsy Site Biopsy
Anti-Fast Bacilli Staining

Treatment Regimens of TB
before Biopsy

1 Axilla (LN) (+) unknown
2 Axilla (mass) (+) -
3 Neck (LN) (+) -
4 Paraspinal (mass) (−) HRftELfx
5 Neck (LN) (−) HRZ
6 Neck (LN) (−) -
7 Neck (LN) (+) -
8 Neck (LN) (+) HRZE
9 Neck (LN) (+) -

10 Abdominal wall (mass) (+) HRZE
11 Chest wall (mass) (+) HRZ
12 Neck (LN) (+) -
13 Pleura (+) HRZE
14 Neck (LN) (+) HRZE
15 Chest wall (mass) (−) HRZE
16 Neck (LN) (+) -
17 Neck (LN) (−) -
18 Neck (LN) (+) -
19 Lung (mass) (+) HRZE
20 Pelvic cavity (mass) (+) HRZE
21 Neck (LN) (−) -
22 Neck (LN) (−) PaRftLfx
23 Neck (LN) (+) -
24 Neck (LN) (−) HRZMfx
25 Paraspinal (mass) (+) HRZE
26 Chest wall (mass) (+) HRZE
27 Neck (LN) (+) HRZE
28 Abdominal cavity (mass) (−) HRE + LZD + Am
29 Neck (LN) (+) HRZE
30 Axilla (mass) (+) HRZE
31 Neck (LN) (+) HRZE
32 Neck (LN) (−) HRZE
33 Psoas major muscle (mass) (−) HRZE
34 Neck (LN) (+) -
35 Neck (LN) (−) HRE
36 Neck (LN) (−) -
37 Chest wall (mass) (+) PAS + HRZ
38 Neck (LN) (+) HRZE
39 Neck (LN) (−) HRZE
40 Neck (LN) (+) -
41 Abdominal cavity (mass) (+) HRZMfx
42 Neck (LN) (+) -
43 Neck (LN) (−) -
44 Knee joint (mass) (+) -
45 Lung (mass) (−) unknown
46 Hip joint (mass) (+) -
47 Lung (mass) (+) HRZE
48 Neck (LN) (+) -
49 Axilla (mass) (+) -

“-” means the subject did not receive the treatment; “unknown” means there was no information about whether
the subject received the treatment. Abbreviations: H, isoniazid; R, rifampin; Z, pyrazinamide; E, ethambutol;
Mfx, moxifloxacin; LZD, linezolid; Lfx, levofloxacin; Rft, rifapentine; Pa, pasiniazid; PAS, para-aminosalicylic;
Am, amikacin.
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3.2. Pathological Findings
3.2.1. HIV Infection Reduced the Integrity of Granulomas

The pathological examination set after HE staining (Figure 1) revealed that in the
HIV-MTB co-infection group, there were fully formed granulomas in 14 cases (26.4%),
incompletely formed granulomas in 7 cases (13.2%), and no granuloma formation in
32 cases (60.4%). In the MTB mono-infection group, there were fully formed granulomas
in 25 cases (51.0%), incompletely formed granulomas in 4 cases (8.2%), and no granuloma
formation in 20 cases (40.8%). There was a statistically significant difference in the rate
of fully formed granulomas between the two groups (difference 0.246, χ2 = 6.527, 95% CI
0.06–0.43, p = 0.011).
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granuloma; (C) caseous necrotic granuloma; (D) fibrous granuloma. Among the 4 pictures, (B–D) are
all complete granulomas. Scale bar = 200 µm.

Additionally, we analyzed the size of the granulomas in both groups. The average
granuloma area in the MTB mono-infection group was 2.02 mm2, while the average area in
the HIV/MTB co-infection group was 2.52 mm2. The independent sample t-test showed
that there was no statistically significant difference between the two groups in terms of
granuloma size (p = 0.1869) (Figure 2).
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Figure 2. Area of granulomas in both groups.

3.2.2. The Integrity of Tuberculous Granulomas in HIV-MTB Co-Infected Individuals Was
Positively Correlated with Peripheral Blood CD4+ T Cell Count

Given that HIV infection can cause the destruction of CD4+ T lymphocytes, we con-
ducted a statistical analysis of the absolute values of peripheral blood CD4+ T lymphocytes
in both groups to investigate whether these values are correlated with the degree of granu-
loma completeness. Compared to the reference range of 410–1590/µL for healthy adults,
the median level of peripheral blood CD4+ T lymphocytes in the HIV-MTB co-infection
group was much lower at 78.5/µL (IQR = 153.75), while the median level in the MTB
mono-infection group was 673/µL (IQR = 402). The Mann–Whitney test indicated that the
level of peripheral blood CD4+ T lymphocytes in the HIV-MTB co-infection group was
significantly lower than that in the MTB mono-infection group (Z = −6.07, p < 0.001).

In HIV-MTB co-infection patients, granulomas classified as “incompletely formed”
and “unformed” were grouped together as “poorly formed granulomas” for analysis.
A rank-sum test showed a statistically significant correlation between peripheral blood
CD4+ T cell count and the formation and tendency of granulomas (p = 0.0018). Using
Kendall’s tau-b correlation analysis to further explore the relationship between granuloma
formation and peripheral blood CD4+ T lymphocyte count, a correlation coefficient of 0.49
was obtained, with p = 0.001 (Figure 3). Therefore, changes in the count of peripheral blood
CD4+ T lymphocytes are positively correlated with the integrity of tuberculous granulomas,
indicating that the infection status of HIV is consistent with the completeness of granuloma
formation. However, the number of CD8+ T lymphocytes in the peripheral blood (R = 0.10,
p = 0.419), the percentage of monocytes (R = −0.18, p = 0.134), and the percentage of
neutrophils (R = −0.06, p = 0.583) were not related to the formation of granulomas. The
original data are presented in Supplementary Table S1.

To further investigate other possible factors affecting the integrity of granulomas, we
constructed a multifactorial logistic regression model considering factors such as gender
and biopsy site (TB occurrence site) for the HIV-MTB co-infection group. The results of
this model showed that, in addition to peripheral blood CD4+ T cell count, the biopsy site
(p = 0.091) might be related to the integrity of tuberculous granulomas in HIV patients; no
association was found between gender, peripheral blood monocyte ratio, and the integrity
of granulomas (Table 4).
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Table 4. Logistic regression analysis of factors influencing the formation of TB granuloma integrity in
HIV-infected individuals.

Variable Group Wald p OR 95% CI for OR

Gender
Male

Female 2.125 0.145 7.848 0.492–125.245

Biopsy site Pulmonary 2.852 0.091 0.129 0.012–1.389
Extrapulmonary

CD4+ T cell count in
peripheral blood (/mm3) 4.493 0.034 0.995 0.991–1.000

Monocyte proportion in
peripheral blood (%) 2.261 0.133 1.136 0.962–1.342

3.3. Immunohistochemistry Results
3.3.1. HIV-MTB Co-Infection Leads to a Reduction in T Lymphocytes in
Granulomatous Tissues

Immunohistochemical staining of biopsy tissues with CD3, CD4, and CD8 showed
that compared to patients in the co-infection group, patients with MTB mono-infection had
a denser population of T cells with positive immunohistochemical staining (Figure 4).

To compare whether there was a significant difference in the proportion of three types
of lymphocytes between the two groups of patients, we further analyzed the proportion
of CD3+, CD4+, and CD8+ T cells. We found that the proportions of CD4+, CD3+, and
CD8+ T cells were significantly different between the MTB mono-infection group and the
HIV/MTB co-infection group (Figure 5). Co-infection reduced the proportion of CD4+,
CD3+, and CD8+ T cells in the granuloma tissues of patients, suggesting that HIV infection
could lead to a decrease in the number of lymphocytes in tuberculous granuloma tissues.
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dall’s tau-b correlation analysis, we found a positive correlation between the proportion 
of CD4+ T cells in granuloma tissues and the integrity of the granulomas (correlation co-
efficient of 0.273, p = 0.032), indicating that a higher proportion of CD4+ T cells in the 
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Figure 4. Immunohistochemical staining of granulomas (IHC ×400): (A) in a HIV-MTB co-infected
patient’s lymph node biopsy tissue with granuloma formation, CD4 positive expression was seen
in T cells, with the cell membrane appearing brown-yellow; (B) in a HIV-MTB co-infected patient’s
colon tissue with proliferation of epithelioid cells and a tendency for granuloma formation, CD4
positive expression was seen in T cells, with cell membrane staining; (C) in a HIV-MTB co-infected
patient’s lymph node biopsy tissue, complete coagulative necrosis was visible, with markedly fewer
CD4 positive cells expressed. Scale bar = 50 µm.
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Figure 5. Statistics of positive cells after immunohistochemical staining: (A) proportion of CD3+
T cells in the tissue of patients in the HIV-MTB co-infection group and the MTB mono-infection
group after immunohistochemical staining (t = 4.16, p < 0.001); (B) proportion of CD4+ T positive
cells in the tissue of patients in the HIV-MTB co-infection group and the MTB mono-infection
group after immunohistochemical staining (t = 7.02, p < 0.001); (C) proportion of CD8+ T cells in
the tissue of patients in the HIV-MTB co-infection group and the MTB mono-infection group after
immunohistochemical staining (t = 5.09, p < 0.001). **** stands for p < 0.0001 in Graphpad Prism.

3.3.2. The Integrity of Tuberculous Granulomas in Co-Infected Patients Was Positively
Correlated with the Proportion of CD4+ T Cells and CD3+ T Cells in Granulomatous Tissues

To determine whether the three types of lymphocytes could affect the integrity of gran-
ulomas, we conducted a semi-quantitative analysis of the completeness of granulomas and
the presence of CD4+, CD3+, and CD8+ T cells in biopsy tissues. Through Kendall’s tau-b
correlation analysis, we found a positive correlation between the proportion of CD4+ T cells
in granuloma tissues and the integrity of the granulomas (correlation coefficient of 0.273,
p = 0.032), indicating that a higher proportion of CD4+ T cells in the granulomatous tissue
was more likely to result in complete granulomas. There was no relationship between CD3+
T cell proportion (correlation coefficient of 0.077, p = 0.542) and the integrity of granulomas.
Also, the proportion of CD8+ T cells (correlation coefficient of −0.155, p = 0.217) showed
no clear statistical correlation with whether granulomas were fully formed.

3.3.3. The Count of Peripheral Blood CD4+ T Cells Was Positively Correlated with the
Proportion of CD4+ T Cells in Granulomatous Tissues in Co-Infected Patients

Similarly, we conducted a regression analysis between the count of CD4+ T cells in
peripheral blood and the proportion of CD4+ T cells in granulomatous tissues. The results
showed a linear correlation between the two (p = 0.0293; regression coefficient: 0.02727;
standard error: 0.01203) (Figure 6). However, the proportion of CD3+ T cells (p = 0.9799)
and CD8+ T cells (p = 0.6408) did not show a linear relationship with the count of peripheral
blood CD4+ T cells.
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Figure 6. Linear correlation between peripheral blood CD4+ T cells and CD4+ T cells in biopsy tissues
in patients of the HIV-MTB co-infection group.

4. Discussion

Tuberculous granulomas are a typical structure resulting from MTB infection and
composed of various immune cells, including neutrophils, macrophages, monocytes, CD4+
T lymphocytes, and CD8+ T lymphocytes. The granuloma structure has long been con-
sidered to limit the spread of bacteria, despite recent reports of its potentially detrimental
roles [16,17]. The formation of granulomas is closely related to the body’s immune status,
and it is believed that the varying clinical manifestations in TB patients result from a
comprehensive histopathological response involving all granulomatous tissues [18]. The
most significant outcome of HIV infection is the reduction in CD4+ T lymphocytes [6], and
one of the signs of successful treatment is the recovery in the CD4+ T lymphocyte count,
which is a marker of immune status [19]. This study explored the impact of HIV infection
on the integrity of tuberculous granulomas and focused on the relationship between the
quantity of CD4+ T lymphocytes in both granulomatous tissues and peripheral blood and
the integrity of tuberculous granulomas.

Through HE staining, pathological analysis, and immunohistochemical analysis, we
found that the count of CD4+ T cells in tissues linearly correlates with the integrity of
granulomas. A higher CD4+ T cell count was more likely to result in fully formed granulo-
mas, while a lower count may lead to poorly formed or unformed granulomas. According
to immunohistochemical results, there was also a linear relationship between peripheral
blood CD4+ T cells and CD4+ T cells in granulomatous tissues, and CD4+ T cells in gran-
ulomatous tissues decreased as peripheral blood CD4+ T cells decreased. Therefore, the
peripheral blood CD4+ T cell count was associated with the integrity of granulomas, which
was also confirmed in the initial logistic analysis of clinical data in this study. Other studies
have shown that patients with a peripheral blood CD4+ T lymphocyte count greater than
300/mm3 would develop fully formed granulomas, those with counts between 200 and
300/mm3 could develop both fully formed and poorly formed granulomas, while those
with counts less than 50/mm3 do not develop fully formed granulomas [20]. Our study fur-
ther indicated that the number of peripheral blood CD4+ T lymphocytes positively affected
the integrity of tuberculous granuloma formation. Therefore, the peripheral blood CD4+ T
lymphocyte count can be used to predict the formation trend of tuberculous granulomas in
HIV-MTB co-infected individuals, thus assessing the severity of the patient’s disease.

Our study’s findings regarding CD4+ T lymphocytes were consistent with previous
clinical research results. Some studies have shown that a reduction in peripheral blood
CD4+ T lymphocyte levels leads to decreased granuloma integrity [21,22]. For example,
a 2016 clinical study in Africa suggested that reduced levels of peripheral blood CD4+ T
lymphocytes could change the phenotype of immune cells within granulomas, thereby
altering granuloma structure and morphology [23]. However, the mechanism by which HIV
causes changes in the morphological structure of tuberculous granulomas is complex, and
such research is mainly based on non-human primate models. Drawing from these studies,
there are several possible reasons for the decrease in the integrity of tuberculous granulomas
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due to HIV infection. Firstly, HIV infection can cause dysfunction of macrophages and
dendritic cells, reducing the innate immune system’s killing effect on MTB, altering the
MTB-specific antigen presentation process and the initiation of adaptive immunity, leading
to an increase in the host’s internal MTB load, accelerated infection progression, granuloma
structure destruction, and a tendency for MTB to disseminate outside the lungs [24–27].
Secondly, in LTBI animal models, Simian Immunodeficiency Virus (SIV) infection usually
leads to ATB, where SIV infection first depletes MTB-specific CD4+ T lymphocytes in
granuloma tissues, and MTB-specific CD4+ T cells move less within granulomas [28]. Some
clinical studies have proven that HIV co-infection reduces the number of MTB-specific
CD4+ T cells in peripheral blood [29], lowers their proliferative capacity [30], and increases
the intracellular viral load compared to non-specific T cells [31], and the function of MTB-
specific CD4+ T cells was also long-term suppressed by HIV infection [32,33]. Additionally,
some research suggests that SIV reduces the level of regulatory CD4+ T lymphocytes in the
process of converting individuals with LTBI to ATB, thereby shifting the body’s immune
response towards chronic inflammation, exacerbating damage [34]. Thirdly, in the host
immune response caused by MTB infection, macrophages and CD4+ T cells expressing the
chemokine receptor CCR5 [35,36] play a significant role, but these immune cells are also
susceptible to HIV [37]. Therefore, granulomas formed after MTB infection contain a large
number of cells that can facilitate HIV replication [38,39]. Meanwhile, in vitro experiments
have found that tuberculous granulomas recruit a large number of immune cells expressing
CCR5 [40], so the local HIV load in granulomas may increase, leading to the death of
surrounding encapsulating cells and further compromising the integrity of the granuloma.
Combining these research results, we believe that HIV infection would lead to a decrease
in peripheral blood CD4+ T lymphocyte count, which in turn reduces the count of CD4+ T
lymphocytes in tuberculous inflammatory lesions, with the latter affecting the morphology
and integrity of tuberculous granulomas through various mechanisms.

The results of this study indicated that pathological examinations showed patients
co-infected with HIV-MTB could lack typical granulomatous lesions [41], which was con-
sistent with the clinical characteristic of co-infected patients being prone to disseminated
infections. This conclusion was also supported by experiments in non-human primates [3].
Furthermore, the positive correlation between CD4+ T cell count in granulomas and the
integrity of tuberculous granulomas explained, to some extent, the possible mechanisms
behind the variation in clinical characteristics of HIV patients with different immune sta-
tuses when co-infected with TB. Co-infected individuals with different levels of CD4+ T
lymphocyte counts present different clinical characteristics, i.e., the lower the CD4+ T lym-
phocyte count, the more likely TB is to manifest as extrapulmonary dissemination, lacking
typical tuberculous granulomatous lesions and having different clinical features [42]. Com-
bining these results, we believed that HIV infection affects the morphology and integrity
of tuberculous granulomas, leading to different clinical characteristics in individuals with
HIV-MTB co-infection compared to those with MTB mono-infection.

This study has its limitations: the sample size was small, so the results may not be
fully representative; a detailed study of immune cells and immune status in the tissue was
not conducted, and the local immune status was not investigated; most biopsy specimens
in this study came from lymph nodes, with fewer from other tissues; and the order of
infection with the two pathogens in the enrolled patients and the antiviral treatment plan
were unknown, which may also have influenced the results.

Additionally, a recent study showed that co-infection with HIV can lead to changes in
the immune cell composition of pulmonary tuberculosis granulomas, with an increase in
CD68+ macrophages and a decrease in CD20+ B cells [43], while the results of this study
showed that other immune cells in the peripheral blood were not statistically related to the
integrity of the granuloma, which may be caused by the small sample size and the lack of
research on other immune cells in the affected tissues.

In conclusion, through HE staining microscopy and immunohistochemical analysis of
biopsy specimens from patients co-infected with HIV-MTB and those mono-infected with
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MTB, this study demonstrated that the level of peripheral blood CD4+ T lymphocytes is
related to the integrity of tuberculous granulomas. This could provide research evidence to
further elucidate the interrelationship between HIV and MTB in co-infected individuals
and can also offer a reference for the clinical assessment and diagnosis of patients with HIV
and concurrent TB.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v16081335/s1, Table S1: The original data on the correlation of
other immune cells and granuloma formation.

Author Contributions: Conceptualization, H.Z., B.Y. and Y.S.; methodology, all authors; software, S.H.
and M.L.; validation, S.H., M.L., H.Z. and Y.F.; formal analysis, S.H., M.L., H.Z. and Y.F.; investigation,
S.H., M.L., H.Z., W.S., W.G., Y.F., X.M., X.S., J.L., L.L., T.Q., Z.W., B.Y. and Y.S.; resources, H.Z., Y.F.,
B.Y. and Y.S.; data curation, S.H.; writing—original draft preparation, S.H. and M.L.; writing—review
and editing, all authors; visualization, S.H. and M.L.; supervision, H.Z., Y.F., B.Y. and Y.S.; project
administration, B.Y. and Y.S.; funding acquisition, H.Z. and Y.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Science and Technology Commission of Shanghai Municipality,
grant number 21Y31900400; Science and Technology Commission of Shanghai Municipality, grant
number 20MC1920100; Science and Technology Commission of Shanghai Municipality, grant number
18411970800; Shanghai Municipal Science and Technology Major Project, grant number ZD2021CY001;
Shanghai hospital development center, grant number SHDC22024317; Shanghai hospital development
center, grant number SHDC2020CR6025.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Shanghai Public Health Clinical Center, Fudan
University (protocol code: Public Health 2019-s030-02 22 November 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Geyang Luo for rescanning the IHC slides and data analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. UNAIDS. Global HIV & AIDS Statistics—Fact Sheet. Available online: https://www.unaids.org/en/resources/fact-sheet

(accessed on 26 November 2023).
2. World Health Oganization. Global Tuberculousis Report 2023. Available online: https://www.who.int/teams/global-

tuberculosis-programme/tb-reports/global-tuberculosis-report-2023 (accessed on 26 November 2023).
3. Rodgers, M.A.; Ameel, C.; Ellis-Connell, A.L.; Balgeman, A.J.; Maiello, P.; Barry, G.L.; Friedrich, T.C.; Klein, E.; O’connor,

S.L.; Scanga, C.A. Preexisting Simian Immunodeficiency Virus Infection Increases Susceptibility to Tuberculosis in Mauritian
Cynomolgus Macaques. Infect. Immun. 2018, 86, e00565-18. [CrossRef]

4. Toossi, Z.; Hirsch, C.S.; Wu, M.; Mayanja-Kizza, H.; Baseke, J.; Thiel, B. Distinct cytokine and regulatory T cell profile at pleural
sites of dual HIV/tuberculosis infection compared to that in the systemic circulation. Clin. Exp. Immunol. 2011, 163, 333–338.
[CrossRef] [PubMed]

5. Bruchfeld, J.; Correia-Neves, M.; Källenius, G. Tuberculosis and HIV Coinfection. Cold Spring Harb. Perspect. Med. 2015, 5, a017871.
[CrossRef]

6. Coleman, C.M.; Wu, L. HIV interactions with monocytes and dendritic cells: Viral latency and reservoirs. Retrovirology 2009, 6, 51.
[CrossRef]

7. Sereti, I.; Bisson, G.P. The Tuberculosis-Associated Immune Reconstitution Inflammatory Syndrome (TB-IRIS). In HIV and
Tuberculosis: A Formidable Alliance, 1st ed.; Sereti, I., Bisson, G.P., Eds.; Springer: Cham, Switzerland, 2019; pp. 99–125. [CrossRef]

8. Kumawat, K.; Pathak, S.K.; Spetz, A.-L.; Kundu, M.; Basu, J. Exogenous Nef is an inhibitor of Mycobacterium tuberculosis-induced
tumor necrosis factor-α production and macrophage apoptosis. J. Biol. Chem. 2016, 291, 665–666. [CrossRef] [PubMed]

9. Diedrich, C.; O’Hern, J.; Wilkinson, R. HIV-1 and the Mycobacterium tuberculosis granuloma: A systematic review and meta-analysis.
Tuberculosis 2016, 98, 62–76. [CrossRef]

https://www.mdpi.com/article/10.3390/v16081335/s1
https://www.mdpi.com/article/10.3390/v16081335/s1
https://www.unaids.org/en/resources/fact-sheet
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2023
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2023
https://doi.org/10.1128/iai.00565-18
https://doi.org/10.1111/j.1365-2249.2010.04269.x
https://www.ncbi.nlm.nih.gov/pubmed/21303360
https://doi.org/10.1101/cshperspect.a017871
https://doi.org/10.1186/1742-4690-6-51
https://doi.org/10.1007/978-3-030-29108-2_6
https://doi.org/10.1074/jbc.A109.073320
https://www.ncbi.nlm.nih.gov/pubmed/26747889
https://doi.org/10.1016/j.tube.2016.02.010


Viruses 2024, 16, 1335 14 of 15

10. Acquired Immunodeficiency Syndrome and Hepatitis C Professional Group, Society of Infectious Diseases, Chinese Medical
Association, Chinese Center for Disease Control and Prevention. Chinese Guidelines for Diagnosis and Treatment of Human
Immunodeficiency Virus Infection /Acquired Immunodeficiency Syndrome (2021 edition). Med. J. Peking. Union Med. Coll. Hosp.
2022, 13, 203–226. [CrossRef]

11. Tuberculosis Branch of Chinese Medical Association. Diagnosis and Treatment of Pulmonary Tuberculosis (2001). J. Crit. Care
Intern. Med. 2002, 4, 225–229.

12. People’s Republic of China State Health and Family Planning Commission. Tuberculosis classification (WS196—2017). Electron. J.
Emerg. Infect. Dis. 2018, 3, 191–192. [CrossRef]

13. Barry, C.E., III; Boshoff, H.I.; Dartois, V.; Dick, T.; Ehrt, S.; Flynn, J.; Schnappinger, D.; Wilkinson, R.; Young, D. The spectrum of
latent tuberculosis: Rethinking the biology and intervention strategies. Nat. Rev. Microbiol. 2009, 7, 845–855. [CrossRef]

14. Jafari, S.M.S.; Hunger, R.E. IHC Optical Density Score: A New Practical Method for Quantitative Immunohistochemistry Image
Analysis. Appl. Immunohistochem. Mol. Morphol. 2017, 25, e12–e13. [CrossRef]

15. Varghese, F.; Bukhari, A.B.; Malhotra, R.; De, A. IHC Profiler: An open source plugin for the quantitative evaluation and
automated scoring of immunohistochemistry images of human tissue samples. PLoS ONE 2014, 9, e96801. [CrossRef]

16. Ramakrishnan, L. Revisiting the role of the granuloma in tuberculosis. Nat. Rev. Immunol. 2012, 12, 352–366. [CrossRef]
17. McCaffrey, E.F.; Donato, M.; Keren, L.; Chen, Z.; Delmastro, A.; Fitzpatrick, M.B.; Gupta, S.; Greenwald, N.F.; Baranski, A.; Graf,

W.; et al. The immunoregulatory landscape of human tuberculosis granulomas. Nat. Immunol. 2022, 23, 318–329. [CrossRef]
18. Gideon, H.P.; Phuah, J.; Myers, A.J.; Bryson, B.D.; Rodgers, M.A.; Coleman, M.T.; Maiello, P.; Rutledge, T.; Marino, S.; Fortune,

S.M.; et al. Variability in tuberculosis granuloma T cell responses exists, but a balance of pro- and anti-inflammatory cytokines is
associated with sterilization. PLoS Pathog. 2015, 11, e1004603. [CrossRef]

19. Gazzard, B.G.; Moyle, G.J.; Weber, J.; Johnson, M.; Bingham, J.; Brettle, R.; Churchill, D.; Fisher, M.; Griffin, G.; Jefferies, D.; et al.
British HIV Association guidelines for antiretroviral treatment of HIV seropositive individuals. Lancet 1997, 349, 1086–1092.
[CrossRef]

20. Müller, H.; Krüger, S. Immunohistochemical analysis of cell composition and in situ cytokine expression in HIV- and non-HIV-
associated tuberculous lymphadenitis. Immunobiology 1994, 191, 354–368. [CrossRef] [PubMed]

21. Di Perri, G.; Cazzadori, A.; Vento, S.; Bonora, S.; Malena, M.; Bontempini, L.; Lanzafame, M.; Allegranzi, B.; Concia, E.
Comparative histopathological study of pulmonary tuberculosis in human immunodeficiency virus-infected and non-infected
patients. Tuber. Lung Dis. 1996, 77, 244–249. [CrossRef]

22. Jones, B.E.; Young, S.M.M.; Antoniskis, D.; Davidson, P.T.; Kramer, F.; Barnes, P.F. Relationship of the manifestations of
tuberculosis to CD4 cell counts in patients with human immunodeficiency virus infection. Am. Rev. Respir. Dis. 1993, 148,
1292–1297. [CrossRef] [PubMed]

23. Diedrich, C.R.; O’Hern, J.; Gutierrez, M.G.; Allie, N.; Papier, P.; Meintjes, G.; Coussens, A.K.; Wainwright, H.; Wilkinson, R.J.
Relationship between HIV Coinfection, Interleukin 10 Production, and Mycobacterium tuberculosis in Human Lymph Node
Granulomas. J. Infect. Dis. 2016, 214, 1309–1318. [CrossRef]

24. Riou, C.; Stek, C. Immune Responses to Mycobacterium tuberculosis and the Impact of HIV Infection. In HIV and Tuberculosis: A
Formidable Alliance, 1st ed.; Sereti, I., Bisson, G.P., Eds.; Springer: Cham, Switzerland, 2019; pp. 57–72. [CrossRef]

25. Mwandumba, H.C.; Russell, D.G.; Nyirenda, M.H.; Anderson, J.; White, S.A.; Molyneux, M.E.; Squire, S.B. Mycobacterium
tuberculosis resides in nonacidified vacuoles in endocytically competent alveolar macrophages from patients with tuberculosis
and HIV infection. J. Immunol. 2004, 172, 4592–4598. [CrossRef] [PubMed]

26. Cohen, S.B.; Gern, B.H.; Delahaye, J.L.; Adams, K.N.; Plumlee, C.R.; Winkler, J.K.; Sherman, D.R.; Gerner, M.Y.; Urdahl, K.B.
Alveolar macrophages provide an early Mycobacterium tuberculosis niche and initiate dissemination. Cell Host Microbe 2018, 24,
439–446. [CrossRef]

27. Kuroda, M.J.; Sugimoto, C.; Cai, Y.; Merino, K.M.; Mehra, S.; Araínga, M.; Roy, C.J.; Midkiff, C.C.; Alvarez, X.; Didier, E.S.; et al.
High Turnover of Tissue Macrophages Contributes to Tuberculosis Reactivation in Simian Immunodeficiency Virus-Infected
Rhesus Macaques. J. Infect. Dis. 2018, 217, 1865–1874. [CrossRef] [PubMed]

28. Foreman, T.W.; Nelson, C.E.; Kauffman, K.D.; Lora, N.E.; Vinhaes, C.L.; Dorosky, D.E.; Sakai, S.; Gomez, F.; Fleegle, J.D.; Parham,
M.; et al. CD4 T cells are rapidly depleted from tuberculosis granulomas following acute SIV co-infection. Cell Rep. 2022,
39, 110896. [CrossRef]

29. Geldmacher, C.; Schuetz, A.; Ngwenyama, N.; Casazza, J.P.; Sanga, E.; Saathoff, E.; Boehme, C.; Geis, S.; Maboko, L.; Singh, M.;
et al. Early depletion of Mycobacterium tuberculosis—Specific T helper 1 cell responses after HIV-1 infection. J. Infect. Dis. 2008, 198,
1590–1598. [CrossRef] [PubMed]

30. Day, C.L.; Abrahams, D.A.; Harris, L.D.; van Rooyen, M.; Stone, L.; de Kock, M.; Hanekom, W.A. HIV-1 Infection Is Associated
with Depletion and Functional Impairment of Mycobacterium tuberculosis—Specific CD4 T Cells in Individuals with Latent
Tuberculosis Infection. J. Immunol. 2017, 199, 2069–2080. [CrossRef]

31. Geldmacher, C.; Ngwenyama, N.; Schuetz, A.; Petrovas, C.; Reither, K.; Heeregrave, E.J.; Casazza, J.P.; Ambrozak, D.R.; Louder,
M.; Ampofo, W.; et al. Preferential infection and depletion of Mycobacterium tuberculosis—Specific CD4 T cells after HIV-1 infection.
J. Exp. Med. 2010, 207, 2869–2881. [CrossRef] [PubMed]

https://doi.org/10.12290/xhyxzz.2022-0097
https://doi.org/10.19871/j.cnki.xfcrbzz.2018.03.018
https://doi.org/10.1038/nrmicro2236
https://doi.org/10.1097/PAI.0000000000000370
https://doi.org/10.1371/journal.pone.0096801
https://doi.org/10.1038/nri3211
https://doi.org/10.1038/s41590-021-01121-x
https://doi.org/10.1371/journal.ppat.1004603
https://doi.org/10.1016/S0140-6736(96)12073-0
https://doi.org/10.1016/S0171-2985(11)80441-9
https://www.ncbi.nlm.nih.gov/pubmed/7713549
https://doi.org/10.1016/s0962-8479(96)90008-8
https://doi.org/10.1164/ajrccm/148.5.1292
https://www.ncbi.nlm.nih.gov/pubmed/7902049
https://doi.org/10.1093/infdis/jiw313
https://doi.org/10.1007/978-3-030-29108-2_4
https://doi.org/10.4049/jimmunol.172.7.4592
https://www.ncbi.nlm.nih.gov/pubmed/15034077
https://doi.org/10.1016/j.chom.2018.08.001
https://doi.org/10.1093/infdis/jix625
https://www.ncbi.nlm.nih.gov/pubmed/29432596
https://doi.org/10.1016/j.celrep.2022.110896
https://doi.org/10.1086/593017
https://www.ncbi.nlm.nih.gov/pubmed/19000013
https://doi.org/10.4049/jimmunol.1700558
https://doi.org/10.1084/jem.20100090
https://www.ncbi.nlm.nih.gov/pubmed/21115690


Viruses 2024, 16, 1335 15 of 15

32. Murray, L.W.; Satti, I.; Meyerowitz, J.; Jones, M.; Willberg, C.B.; E Ussher, J.; Goedhals, D.; Hurst, J.; E Phillips, R.; McShane, H.;
et al. Human Immunodeficiency Virus Infection Impairs Th1 and Th17 Mycobacterium tuberculosis—Specific T-Cell Responses. J.
Infect. Dis. 2018, 217, 1782–1792. [CrossRef]

33. Rakshit, S.; Hingankar, N.; Alampalli, S.V.; Adiga, V.; Sundararaj, B.K.; Sahoo, P.N.; Finak, G.; Dhar, C.; D’Souza, G.; Virkar,
R.G.; et al. HIV Skews a Balanced Mtb-Specific Th17 Response in Latent Tuberculosis Subjects to a Pro-inflammatory Profile
Independent of Viral Load. Cell Rep. 2020, 33, 108451. [CrossRef]

34. Foreman, T.W.; Mehra, S.; LoBato, D.N.; Malek, A.; Alvarez, X.; Golden, N.A.; Bucşan, A.N.; Didier, P.J.; Doyle-Meyers, L.A.;
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