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Abstract 

Background: Anti-tuberculosis (anti-TB) antibiotics alter the gut microbiome, potentially affecting 
the host physiology and immune response. Here, we investigated the impact of anti-TB antibiotics 
on host gut microbiota, immune response, and Mtb control. Methods: We pre-treated mice with 
isoniazid, rifampicin, pyrazinamide, and ethambutol (HRZE) for two months, followed by intranasal 
Mtb infection five days post-HRZE cessation. HRZE pre-treated mice received faecal microbiota 
transplants (FMT) or phosphate-buffered saline (PBS) pre- and post-infection. Faecal DNA was 
isolated, and 16S rRNA gene sequencing was performed. Mycobacterial burden, histology, and 
immune response were assessed in tissues four weeks post-infection. Results: We observed an 
enrichment of Bacteroides, Alistipes, Alloprevotella, Paraprevotella, and Colidextribacter, and depletion of 
Clostridia UCG 014, Roseburia, Ruminococcus, and Rikenellaceae RC9 gut group in HRZE pre-treated Mtb-
exposed mice compared to infected mice without HRZE (control group). HRZE pre-treatment 
followed by Mtb infection was associated with marked ileal histomorphological damage compared 
to infection alone. Furthermore, gut microbiota alterations in HRZE pre-treated mice were associated 
with poor control of the mycobacterial burden, reduced frequencies of CD4+ T and CD68+ 
macrophage cell populations, and altered release of IFN-γ, IL-6, and PD-1. Notably, although not 
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completely, FMT improved ileal features, normalised microbiota taxa abundance, lowered Mtb 
burden, and rescued impaired immune phenotypes. Conclusions: These data highlight the untoward 
consequences of recent anti-TB antibiotics for host control of subsequent Mtb infection and suggest a 
potential therapeutic avenue for mitigating the effects of HRZE-induced microbiota dysbiosis 
through FMT or probiotics-associated host-directed therapies to prevent TB recurrence. 

Keywords: tuberculosis; anti-tuberculosis antibiotics; Mycobacterium tuberculosis; gut microbiota; 
programmed cell death protein-1 
 

1. Introduction 

More than two billion people are estimated to be infected with Mycobacterium tuberculosis (Mtb) 
worldwide [1]. Factors such as malnutrition, interferon-gamma (IFN-γ) gene deficiency, vitamin D 
deficiency, diabetes, and HIV infection contribute to the interindividual differences in host immunity 
to primary Mtb infection or the likelihood of progression to active tuberculosis (TB) disease [1–3]. 
However, there is still a lack of complete understanding of the factors that drive protective immunity 
against Mtb infection. Furthermore, despite the cure of most TB cases by prolonged anti-TB antibiotic 
regimens, there is an increased susceptibility rate to subsequent episodes of clinical TB after the first 
episode of TB [4–6]. For example, in a Cape Town study, new infection rates were 4 times higher 
among previously treated TB patients than in the general population [4]. The high rate of TB 
recurrence in treated TB patients has also been reported to be independent of HIV status [5], 
suggesting the involvement of possibly yet unidentified host-associated factors. 

There is evidence that commensal bacteria in the mammalian gut, known as the gut microbiota, 
significantly influence various host physiological [7], metabolic [8], and immunological processes [7]. 
Despite the diversity of these microbes, a delicate balance is maintained, and alterations in microbiota 
composition, for example, by antibiotics, impact the development of intestinal and extra-intestinal 
diseases [9,10]. Along these lines, recent studies have shown that antibiotic-related perturbations of 
the gut microbiota compromise host immunity and increase Mtb susceptibility in the treated animals 
[11,12].  

Drug-sensitive TB is treated with isoniazid, rifampicin, pyrazinamide, and ethambutol for two 
months (intensive phase) and isoniazid and rifampicin for an additional four months (continuation 
phase). While isoniazid, pyrazinamide, and ethambutol are presumed to have narrow-spectrum 
activity against mycobacteria, rifampicin is active against a wide range of bacteria [13–16]. The 
combination of these antibiotics induces profound dysbiosis in the gut microbiota in humans and 
mice [17,18] and may impair the host’s ability to launch an effective immune response against Mtb 
[19].   

Although the overall microbial composition of the gut is largely restored following the cessation 
of anti-TB antibiotic treatment, species composition may be altered indefinitely with prolonged 
physiologic consequences [17,20,21]. Accordingly, the possibility exists that an initial episode of TB 
disease and treatment with anti-TB antibiotics impairs the foundational competence of the host to 
launch effective responses to resist the development of TB disease upon re-exposure to Mtb. In this 
regard, the unintended effects of anti-TB antibiotics on the gut microbiota that possibly undermine 
the host’s ability to achieve a sterilising cure and establish protective immunity to Mtb remain poorly 
investigated.  

Herein, we aimed to investigate the effect of the first-line anti-TB antibiotics on the gut 
microbiota composition, the impact on host immune responses and Mtb susceptibility/disease 
severity, and whether faecal microbiota transplantation (FMT) can reverse dysbiosis and restore Mtb 
control.  
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2. Results 

The gut microbiota plays significant roles in host immune system development and maintaining 
host physiology. In this study, we hypothesised that gut microbiota alterations induced by first-line 
anti-tuberculosis (anti-TB) antibiotics would compromise host immunity, which would have 
consequences for host control of Mtb burden. We administered isoniazid (H), rifampicin (R), 
pyrazinamide (Z), and ethambutol (E) to mice for two months. Five days after stopping HRZE 
treatment, the mice were infected with Mtb via the intranasal route. The infected mice that had 
undergone HRZE pre-treatment were then given either faecal microbiota transplants 
(HRZEposMTBposFMT) or phosphate-buffered saline (HRZEposMTBposPBS). HRZE-untreated Mtb-
infected mice (HRZEnegMTBpos) were the controls. The animals were euthanised, and tissues 
harvested 28 days post-Mtb infection (Figure 1, materials and methods)  

 
Figure 1. C57BL/6 mice (n = 6 -12) were pre-treated with HRZE in drinking water for two months in two 
independent experiments. HRZE-treated mice were infected with Mtb five days after treatment was stopped. 
HRZE-treated Mtb-infected mice received FMT and PBS, respectively, a day before Mtb infection and on days 1, 
3, 5 and 14 post-infections. HRZE-untreated Mtb-infected mice served as controls. In Mtb uninfected mice, faecal 
samples were collected before HRZE treatment (HRZEneg) and at month two following the initiation of antibiotic 
treatment (HRZEmnt2). In Mtb-infected mice, we collected faecal pellets from HRZE untreated (HRZEnegMTBpos) 
and HRZE pre-treated mice, which received PBS (HRZEposMTBposPBS) and FMT (HRZEposMTBposFMT), 
respectively. DNA was isolated, and 16S rRNA gene sequencing was performed on all faecal samples. Upon 
necropsy, the lung, spleen, liver, and ileum were harvested for CFU determination, histological analysis, 
immunohistochemical staining, and Luminex multiplex assay. 

2.1. HRZE Antibiotic Treatment Alters Gut Microbiota Diversity and Composition 

The standard antibiotic regimen for drug-sensitive TB in humans typically involves a six-month 
course of antibiotic therapy with HRZE for the first two months (intensive phase) and HR for the next 
four months (continuation phase). In our study, mice were treated with HRZE for two months, 
mirroring the standard intensive phase anti-TB regimen typically employed in clinical settings. 
Following the HRZE treatment in month two, we observed a decrease in alpha diversity, as 
determined by the Simpson index, although statistical significance was not reached (HRZEneg versus 
HRZEmnt2, P = 0.094) (Figure 2A). However, the Shannon index showed no differences (HRZEneg 

versus HRZEmnt2, P = 0.31) (Figure 2B). Simpson’s diversity index emphasises species evenness 
(relative abundance of each species), while Shannon’s index gives more weight to species richness 
[22]. Alpha diversity significantly decreased in HRZE-pretreated Mtb-infected mice compared to 
Mtb-infected mice without HRZE pre-treatment as determined by the Simpson index 
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(HRZEposMTBposPBS versus HRZEnegMTBpos, P < 0.05) (Figure 2C). A decreasing trend was seen in the 
Shannon index, although statistical significance was not reached (Figure 2D). 

Of note, FMT significantly increased the alpha diversity in HRZE pre-treated Mtb-infected mice 
compared to HRZE pre-treated Mtb-infected mice gavaged with PBS as determined by both Simpson 
and Shannon index (HRZEposMTBposFMT vs HRZEposMTBposPBS, P < 0.05 respectively) (Figure 2C-D). 
We observed significant differences in all beta diversity comparisons between the groups (Figure 2E).  

 
Figure 2. HRZE treatment alters the gut microbiota diversity. (A-B) α-diversity between baseline versus two 
months of HRZE treatment as determined by Simpson and Shannon diversity index. (C-D) α-diversity in HRZE-
untreated Mtb-infected versus HRZE pre-treated Mtb-infected mice administered PBS and FMT, respectively, as 
determined by Simpson and Shannon diversity index. E Principal coordinate analysis plot of unweighted 
Unifrac distances with PERMANOVA p values. P values are shown or denoted by nsp > 0.05, *p < 0.05. 

At the genus level, the relative abundance of Bacteroides and Holdemanella significantly increased 
in HRZEmnt2 compared to HRZEneg data, while Ruminococcus, Desulfovibro, and UCG 002 decreased 
(Figure 3A-F). Similarly, following Mtb infection of HRZE pre-treated mice, we observed a significant 
increase in the abundance of Bacteroides, Alistipes, Paraprevotella, Alloprevotella, and Colidextribacter in 
the HRZEposMTBposPBS compared to the HRZEnegMTBpos mice, while Clostridia UCG 014, Roseburia, 
Parabacteroides, Rikenellaceae RC9 gut group, and Ruminococcus were significantly depleted (Figure 3A, 
G-P). Although not entirely, the abundance of several differential genera was significantly restored 
in the HRZEposMTBposFMT mice to levels that were comparable to the abundance seen in the 
HRZEnegMTBpos mice (Figure 3A, G-P).  
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Figure 3. HRZE treatment alters the gut microbiota composition. (A) Stacked bar plot of relative abundance of 
the top 20 most abundant genera. (B-F) The relative abundance of discriminatory genera between baseline and 
two months of HRZE treatment. (G-P) The relative abundance of discriminatory genera in HRZE-untreated Mtb-
infected and HRZE pre-treated Mtb-infected mice administered PBS and FMT, respectively. Significant effects 
are denoted by nsp > 0.05. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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2.2. HRZE Pre-Treatment Is Accompanied by Significant Ileal Histomorphological Distortion 

There is currently no data on the potential effect of the widely deployed HRZE antibiotics on 
intestinal histomorphology and integrity. Considering the impact of HRZE on the microbiota 
composition observed in our study, we examined whether these microbiota alterations were 
associated with changes in ileal histomorphology using the HRZEnegMTBpos mice as the control.  

We found marked impairment in ileal features with striking crypt loss and alteration in epithelial 
and mucosal structure in the HRZEposMTBposPBS compared to the HRZEnegMTBpos mice (Figure 4A-
B) (P < 0.001).  Ileal features improved in HRZEposMTBposFMT compared to HRZEposMTBposPBS mice 
but differed from HRZEnegMTBpos mice (P < 0.05) (Figure 4A-B). Although we did not investigate ileal 
histomorphological impairment due to HRZE pre-treatment in the absence of Mtb infection, our data 
show the changes in histological morphology associated with HRZE antibiotics treatment for the first 
time. 
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Figure 4. HRZE pre-treatment induced significant ileal histomorphological changes and increased Mtb burdens. 
(A) H&E-stained ileal sections. Scale bar (parent image left = 200µm, ROI right = 50µm). (B) Ileum 
histopathological scores. (C-E) Mtb burden in the lung, spleen, and liver. (F) H&E-stained lung sections. Scare 
bar (parent image left = 200µm, ROI right = 50µm). G Lung histopathological scores. Significant effects are 
denoted by nsp > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. 

2.3. Gut Microbiota Alterations Are Associated with Increased Mtb Burdens  

2.3.1. HRZE Pre-Treatment Followed by Mtb Infection Results in a Higher Mycobacterial Burden 
than with Infection Alone 

To investigate whether the observed alterations to the gut microbiota influence the host’s 
susceptibility to Mtb infection, HRZE pre-treated mice were intranasally challenged with Mtb five 
days after stopping antibiotic exposure, and the infection was allowed to progress for 28 days. We 
observed significantly higher Mtb burdens in the HRZEposMTBposPBS lung compared to the 
HRZEnegMTBpos mice (p < 0.01) (Figure 4C). Significant dissemination of the bacilli to the spleen and 
liver was also seen in the HRZEposMTBposPBS compared to their HRZEnegMTBpos mice (Figure 4D-E) 
(P < 0.05, respectively).  Lung histopathological severity scores did not differ statistically between 
the two groups, although a higher trend in severity scores was seen in the HRZEposMTBposPBS mice 
(Figure 4F-G). 

2.3.2. Faecal Microbiota Transplantation Reverses Mtb Numbers in HRZE Pre-Treated Mtb-Infected 
Mice 

To establish whether the observed increase in Mtb burden in HRZEposMTBposPBS mice was 
associated with changes in the gut microbiota, HZRE pre-treated mice received five FMT with faecal 
slurry prepared from HRZE untreated mice. We found significantly higher Mtb burdens in the lungs 
of the HRZEposMTBposPBS compared to the HRZEposMTBposFMT mice (P < 0.05) (Figure 4C). 
Significantly higher dissemination was also seen in the liver of the HRZEposMTBposPBS compared to 
the HRZEposMTBposFMT mice (P < 0.05) but not in the spleen (Figure 4D-E) (P > 0.05). We found no 
differences in the lung histopathological severity scores between the HRZEposMTBposPBS and the 
HRZEposMTBposFMT mice (Figure 4F-G).  

2.4. Gut Microbiota Dysbiosis Alters Immune Cells and Secreted Cytokine Profiles  

2.4.1. HRZE Pre-Treatment Followed by Mtb Infection Correlates with Diminished CD4+ T Cells 
and CD68+ Macrophage Frequencies and Aberrated Cytokine Secretion 

Next, we investigated immune factors possibly associated with increased Mtb susceptibility in 
HRZE pre-treated mice using immunohistochemical staining and Luminex assay. Although modest, 
we found a significantly lower proportion of CD4+ T cells and CD68+ macrophages in the lungs of the 
HRZEposMTBposPBS compared to HRZEnegMTBpos mice (Figure 5A-C) (P < 0.05). We observed no 
differences in the proportions of CD8, CD14, Ly6G, B220, and HMGB1, a proinflammatory danger 
signal, between the groups (Figure 5A, D-H). HRZEposMTBposPBS showed significantly elevated IFN-
γ, IL-6, and PD-1 concentrations in the lung compared to the HRZEnegMTBpos mice (Figure 6A-D and 
7A-B) (P < 0.05, respectively). No differences were seen in the other cytokines and proteins measured 
in the lung and spleen supernatants (Figure 6E-T and 7C-T). 
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Figure 5. Reduced frequencies of CD4+ T cells and CD68+ macrophages in the lung of HRZE-pre-treated Mtb-
infected mice. Altered CD4+ T cells and CD68+ proportion in HRZE-pre-treated Mtb-infected mice are rescued 
by FMT. (A) immunohistochemistry-stained lung sections for CD4, CD8, CD68, CD14, Ly6G, B220 and HMGB1 
antibody. Scale bar = 50µm. (B-H) Proportion of immune phenotypes. Significant effects are denoted by nsp > 
0.05; *p < 0.05. 
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Figure 6. (A-T) Box plots of secreted cytokine concentrations in the lung and spleen. Significant effects are 
denoted nsp > 0.05; *p < 0.05. All units are in pg/mL. 
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Figure 7. (A-T) Box plots of secreted immune checkpoint protein concentrations in the lung and spleen. 
Significant effects are denoted nsp > 0.05; *p < 0.05. All units are in pg/mL. 

2.4.2. Faecal Microbiota Transplantation Partly Rescued Aberrated Lung Immune Profile in HRZE 
Pre-Treated Mtb-Infected Mice 

We assessed the impact of FMT performed on the HRZE pre-treated Mtb-infected mice on the 
immune parameters. We found no differences in the proportion of CD4+ T cells and CD68+ 
macrophages in the HRZEposMTBposFMT compared to the HRZEnegMTBpos mice (Figure 5A-C) (P > 
0.05), suggesting a trend towards reversal of the effect of microbiota dysbiosis on these cells. A higher 
trend in the proportion of CD4+ T cells and CD68+ macrophages was seen in the HRZEposMTBposFMT 
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compared to the HRZEposMTBposPBS mice, but did not reach statistical significance (Figure 5A-C). 
Furthermore, the concentrations of lung IFN-γ and PD-1 in HRZEposMTBposFMT mice were not 
significantly different compared to the HRZEnegMTBpos animals (Figure 6A and 7A) (P > 0.05), also 
suggesting a trend towards reversal. However, the concentration of lung IL-6 remained significantly 
higher after FMT (HRZEposMTBposFMT versus HRZEnegMTBpos (P < 0.05) (Figure 6C). 

3. Discussion 

Alterations in the gut microbiota composition induced by antibiotics are reported to increase 
susceptibility to Mtb [11,12]. In this study, we investigated the effect of the widely deployed HRZE 
on the gut microbiota composition, its impact on the host immune response, and the control of Mtb 
infection. 

Consistent with the existing literature, HRZE induced significant compositional differences in 
individual gut microbiota composition, with a modest effect observed in alpha diversity, showing a 
trend towards reduction in the HRZE-pretreated mice. Isoniazid, pyrazinamide, and ethambutol are 
narrow-spectrum antibiotics against mycobacteria and have been shown to cause a shift in individual 
gut microbiota composition [18,19]. Rifampicin, on the other hand, has broad-spectrum activity but 
was used at a low concentration due to its limited solubility in water, which requires an organic 
solvent for pre-dissolution. Therefore, it was unsurprising that while we noted minimal changes in 
the alpha diversity (within-sample), beta diversity (between-sample) and taxa composition 
significantly differed during the two months following HRZE treatment. This finding is consistent 
with similar studies, which have shown no changes in alpha diversity in mice pre-treated with a 
combination of isoniazid and pyrazinamide or isoniazid and pyrazinamide alone [18,19]. 

Available evidence suggests that the gut microbiota plays a critical role in maintaining the 
intestineʹs structural integrity, including regulating villi and crypt development, epithelial cell 
growth and differentiation, and modulating gut barrier functions [23,24]. Accordingly, gut 
microbiota perturbation may result in an overgrowth of pathobionts damaging the intestinal barrier 
[25]. To our knowledge, our study is the first to show the histomorphology changes induced by HRZE 
on intestinal histomorphology and the recuperative effect of faecal microbiota transplantation (FMT) 
on ileal features. Also significant was the restoration of the abundance of several microbiota taxa, 
which differed between the HRZE-pretreated mice that received PBS and the HRZE-untreated group 
following FMT. In this regard, FMT not only increased the composition of depleted genera (for 
example, Clostridia UCG 014, Parabacteroides, and Ruminococcus) but also reduced the composition of 
genera whose compositions were enriched by HRZE in the PBS group (for example, Bacteroides, 
Alistipes, and Paraprevotella), indicating the efficacy of FMT to both enrich and reduce/normalise 
altered taxa composition. 

Intestinal histomorphology impairment can increase bacterial and metabolite translocation 
across the intestinal barrier, resulting in systemic inflammation [26–29]. Furthermore, metabolites 
may also be translocated to the lung, which directly modulates the local immune response, 
influencing the infection outcome. We have previously hypothesised mechanisms whereby gut 
microbiota/metabolites may directly participate during Mtb infection in the lung [30]. Therefore, 
manipulating the gut microbiome through FMT or transplantation of a microbiota cocktail 
demonstrated in our study may become a useful intervention to normalise the altered gut 
microbiome during anti-TB treatment, to improve gut barrier integrity, and reduce bacterial and 
metabolite translocation across the gut barrier. Additionally, given that the small intestine harbours 
important immunological sites, a key consideration in future studies may be investigating how 
changes in intestinal histomorphology induced by HRZE antibiotics affect local immunity in the gut.  

A previous study by Khan and colleagues reported increased Mtb burdens in 
isoniazid/pyrazinamide-pre-treated mice associated with impaired alveolar macrophage 
metabolism. Here, we found that increased Mtb burdens and pulmonary pathology in the HRZE pre-
treated mice were associated with reduced frequencies of CD4+ T cells and CD68+ macrophages and 
elevated PD-1, IFN-γ, and IL-6 in the lung. Although the magnitude of alterations in immune 
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phenotypes between the HRZE-untreated Mtb-infected and HRZE-pretreated mice that received PBS 
was modest, the impact on Mtb burden control suggests a relevant biological and functional effect. 
Furthermore, performing five FMTs restored CD4+ T cells, CD68+ macrophages, PD-1, and IFN-γ (but 
not IL-6) to levels not significantly different from HRZE-untreated Mtb-infected control mice, 
suggesting that microbiota reconstitution may be valuable to augment host immunity and regulate 
physiological balance in the number or threshold of immune components/response during anti-TB 
therapy, possibly reducing the likelihood of TB recurrence.  

CD4 T cells and macrophages play pivotal roles during Mtb infection. Macrophages are the 
primary host cell target and the first line of defence against Mtb. Indeed, poor control of Mtb growth 
in mice treated with broad-spectrum antibiotics was shown to be associated with reduced 
proportions of splenic IFNγ+ and TNF+ CD4+ T cells, accompanied by increased FoxP3+ Treg cells in 
a previous study [11]. Furthermore, a mouse study demonstrated that gut microbiota dysbiosis led 
to reduced frequency, activation, and responses of mycobacteria-specific CD4 and CD8 T cells and 
thwarted the generation of lung-resident and effector memory T cells [31].  

Typically, Mtb infection switches host responses towards a pro-inflammatory Th1 cytokine 
profile. However, a delicate balance is necessary between the pro- and anti-inflammatory cell and 
cytokine milieus for an effective response. IFN-γ and IL-6 are pro-inflammatory cytokines that play 
critical roles in the immune response against Mtb. However, they could accelerate the spread of Mtb 
infection, mainly when secreted above the threshold required for a balanced and effective immune 
response [32]. Indeed, aberrant IFN-γ secretion can potentially cause tissue damage, necrosis, and 
excessive inflammation and has been linked to the progression of TB disease and severe pathology 
[33,34]. It has also been reported that Mtb may strategically upregulate IL-6, an event that suppresses 
macrophage responses to IFN-γ and inhibits type II interferon signalling [35,36].  

While available reports are contradictory, PD-1 and other immune checkpoint proteins may play 
a crucial regulatory role during the immune response to Mtb infection. A recent study by Mitra and 
colleagues showed that blocking PD-1 in Mtb-infected mice restored polyfunctional T cell numbers, 
decreased Tregs, reduced Mtb lung burden and disseminated infection [37]. On the contrary, 
Kauffman and colleagues reported that treatment of macaques with anti-PD-1 antibodies increased 
the number and effector functions of Mtb-specific CD8 T cells and proinflammatory cytokines in the 
granulomas, which correlated with worse disease outcomes and higher Mtb loads [38].  Members of 
the family Ruminococcaceae were highly abundant in the anti-PD-1-treated macaques that showed 
increased Mtb burdens [38]. These studies suggest that elevated PD-1 expression or secretion during 
Mtb infection may reduce the functional capacity of Mtb-specific T-cell responses. 

Although our study did not investigate the functional consequence of the increased PD-1 in the 
HRZE pre-treated Mtb-infected mice, it has been suggested that the protective response of CD4 T 
cells may require negative regulation of IFN-γ secretion by PD-1 to prevent lethal immune-mediated 
pathology [39]. Along these lines, to explain the increased lung levels of PD-1, IFN-γ, and IL-6 in the 
HRZE pre-treated mice following Mtb infection and the associated increased Mtb burdens, we 
hypothesise that the microbiota dysbiosis induced by the anti-TB antibiotics may have dysregulated 
host immune mechanisms leading to excess secretion of pro-inflammatory IFN-γ and IL-6, an event 
that required the counter-overproduction of inhibitory PD-1 to forestall the heightened pro-
inflammatory Mtb response. In other words, increased inflammation led to a corresponding increase 
in PD-1 induction, which was counterproductive to optimal anti-TB immunity. 

The study has some limitations. Although murine models offer valuable insights, they have 
inherent limitations in accurately recapitulating human TB disease. Within this context, we have used 
C57BL/6 mice, which are considered resistant to Mtb. In future studies, the same experimental 
approach may be tested in mice genetically susceptible to Mtb, such as C3HeB/FeJ or DBA/2J mice. 
Additionally, we did not investigate ileal histomorphological impairment due to HRZE pre-
treatment in the absence of Mtb infection.  Nevertheless, whether the Mtb infection amplified the 
intestinal impairment following HRZE pre-treatment, the improved ileal features in the FMT mice 
infected with Mtb suggest a role of the gut microbiota in maintaining intestinal integrity. 
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Furthermore, it is also unlikely that the impact of HRZE pre-treatment on immune parameters 
was a direct effect of the antibiotics and not associated with microbiota dysbiosis. The assumption is 
supported by the partial rescue of immune phenotypes by FMT. Besides, the proportion of immune 
parameters did not differ between the HRZE pre-treated Mtb-infected FMT mice and the HRZE-
untreated Mtb-infected mice. Also, earlier time points may be considered in future studies to measure 
the immediate impact of HRZE antibiotics on both the gut microbiota and immune phenotypes. 

Our study also did not measure microbiota dysbiosis in the lung compartment instigated by 
HRZE treatment. Anti-TB antibiotics cause significant microecological imbalances in the resident 
bacteria of the respiratory tract [40–42], and our results may be partly influenced by dysbiosis in the 
pulmonary microbiota. Additionally, the functional role of CD4 T cells and macrophages may be 
elucidated in mechanistic studies, for example, by adoptive transfer of CD4 T cells and macrophages 
isolated from FMT mice to HRZE-pre-treated mice to determine if observed phenotypes are rescued.  

To conclude, although modest changes were observed in some parameters, overall, this study 
has shown that HRZE treatment followed by Mtb infection results in greater microbiota dysbiosis, 
mycobacterial load, altered immune profile, and histomorphological impairment than in mice 
infected with Mtb without HRZE pre-treatment. This study may provide some explanation as to why 
people treated previously for TB have a higher risk of getting TB again. Furthermore, we show that 
these impaired phenotypes are potentially rescuable via faecal microbiota transplantation. These data 
suggest a potential therapeutic avenue for mitigating the effects of HRZE-induced microbiota 
dysbiosis and associated impairments and open avenues for further research into microbiota-targeted 
interventions for TB management. 

4. Materials and Methods 

4.1. Mice 

Eight-week-old male and female specific pathogen-free C57BL/6 mice were bred in the Animal 
Biosafety Level 3 (ABSL3) Laboratory at Tygerberg Campus, Stellenbosch University. Four to five 
mice per group (total n=45) were housed in ventilated temperature and humidity-controlled cages 
within the ABSL3 on a 12-hour light-dark cycle under pathogen-free conditions and fed an 
autoclaved diet and water. Each experimental group was assigned male and female animals of similar 
ages. However, male and female mice were caged separately, and cage positions randomised during 
the experiments. The experimental protocol was approved by the Stellenbosch University Animal 
Care and Use Ethics Committee (ACU-2020-15458). 

4.2. Anti-Tuberculosis Antibiotics Treatment 

We pre-treated groups of mice with a combination of isoniazid (H) (25mg/kg), rifampicin (R) 
(1mg/kg), pyrazinamide (Z) (25mg/kg), and ethambutol (E) (150mg/kg), (HRZE) (Sigma Aldrich) in 
drinking water for two months (Fig. 1). Rifampicin was first dissolved in 50 µL dimethyl sulphoxide 
(DMSO) before mixing in autoclaved tap drinking water (final DMSO concentration = 0.005%). 
Antibiotic-containing water was replaced with a new preparation at 4-day intervals. Control groups 
received autoclaved tap water.  

4.3. Intranasal Mtb Infections  

The Mtb H37Rv strain was grown in Middlebrook 7H9 media (BD Biosciences). The media was 
supplemented with 10% oleic acid–albumin-dextrose catalase (OADC) (BD Biosciences) and 0.5% 
glycerol (Sigma Aldrich) [19]. Five days after stopping antibiotic treatment, we infected HRZE pre-
treated mice intranasally with approximately 100 colony-forming units (CFU) of Mtb (Fig. 1). Briefly, 
the animals were anaesthetised with ketamine (80mg/kg) and xylazine (5 mg/kg), and 30 µL of a 3.3 
x 103 CFU/mL H37Rv suspension was delivered into the external nares of the animals [43]. A day 
after Mtb infection, CFU numbers were confirmed by plating lung homogenates of five euthanised 
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mice on Middlebrook 7H11 media (BD Biosciences) supplemented with 10% OADC (Sigma-Aldrich). 
HRZE-untreated Mtb-infected mice were the control animals (Figure 1).  

4.4. Preparation of Faecal Slurry and Reconstitution of Mouse Microbiota  

We collected 6-10 faecal pellets from antibiotics-untreated mice in 4 ml phosphate-buffered 
saline (PBS) for faecal microbiota transplant (FMT). The faecal pellets were vortexed, and the 
suspension was centrifuged at 800x g for 2 mins to remove the debris.  Individual mice in separate 
groups of HRZE pre-treated mice were gavaged with 200µL faecal slurry or PBS, respectively (Figure 
1). The FMT and PBS administration was done a day before infecting the mice with Mtb and on days 
1, 3, 5, and 14 post-infection (Figure 1).  

4.5. Experimental Groups 

The experimental groups include i) HRZE-untreated mice (HRZEneg), ii) Mice treated with HRZE 
for two months (HRZEmnt2), iii) HRZE-untreated mice infected with Mtb (HRZEnegMTBpos), iv) Mice 
pre-treated with HRZE for 2 months, followed by Mtb infection and PBS gavage 
(HRZEposMTBposPBS), and v) Mice pre-treated with HRZE for 2 months, followed by Mtb infection 
and FMT gavage (HRZEposMTBposFMT). 

4.6. DNA Isolation, 16S Ribosomal Ribonucleic Acid (rRNA) Gene Sequencing and Analysis 

Fresh faecal pellets were collected from all experimental groups, and DNA was isolated using 
the QIAamp PowerFaecal Pro DNA Kit (Qiagen, USA) following the manufacturerʹs protocol. The 
V3-V4 16S region was PCR amplified, and the product was confirmed by running the samples on the 
Agilent Tapestation using the Agilent D1000 ScreenTape kit. Samples were purified using Agencourt 
AMPure XP Beads (Beckman Coulter, USA). Each sample was assigned a unique index combination 
using the Illumina Nextera XT Index Kit v2. The samples were then purified using Agencourt 
AMPure XP Beads (Beckman Coulter, USA) and quantified on the Agilent Tapestation instrument 
using the Agilent D1000 ScreenTape kit. One hundred (100) ng of each 16S sample library, or the 
average volume (3 µL) for the negative control, was pooled.  The average size fragment distribution 
was determined on the Agilent 4200 TapeStation using the D1000 ScreenTape Assay. The library 
quantification of pooled libraries was achieved using the KAPA Illumina Library Quantification Kit 
(Roche) on the Quantstudio 12K Flex real-time PCR system (Thermo Fisher Scientific, England). 

Four nM pooled sequencing libraries were denatured using 0.2 N NaOH and diluted to 5 pM. 
The libraries were combined with denatured PhiX control at a spike-in concentration of 10 % v/v, 
following the Illumina 16S Metagenomic Sequencing Library Preparation guide. The sequencing 
libraries were heat-denatured at 96 °C for two minutes and placed in an ice-water bath for 5 minutes. 
The denatured 16S libraries were loaded on the Illumina MiSeq instrument (Illumina, San Diego, CA, 
USA) and sequenced using the Illumina MiSeq Reagent Kit v2 (500 cycles). The sequencer was 
programmed to perform a paired-end, dual-indexed 2 x 251 cycle sequencing run for both runs. 
FASTQ files were automatically generated at the end of the run. The quality of the sequence run was 
analysed using Illumina Sequence Analysis Viewer 2.4.5.  

The resulting sequences were pre-processed using Quantitative Insights into Microbial Ecology 
(QIIME2, 2022.11) as described previously [44]. The DADA2 plugin was used for denoising and 
clustering [45].  Merged representative sequences were aligned to the SILVA reference sequence 
database [46]. Sequences are available in the Sequence Read Archive (PRJNA1081830). Alpha (α)-
diversity and β-diversity were computed using the q2-diversity plugin in QIIME2 [47]. Stack bar plots 
were generated to visualise the relative abundance of the different taxa [48].  

4.7. Mice Euthanasia 

Mice were humanely euthanised using an overdose of isoflurane followed by cervical 
dislocation as a secondary confirmation of death in accordance with institutional ethical guidelines. 
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After euthanasia, organs (lungs, spleen, liver, and ileum) were aseptically harvested for downstream 
microbiological, histological, and immunological analyses. 

4.8. Determination of Mtb Burdens 

We determined the bacterial burdens of the lung, spleen, and liver after 28 days of progression 
of Mtb infection. Tissue homogenates were serially diluted in PBS-tween (0.05% Tween 80) (Sigma 
Aldrich) and plated on glycerol-containing (0.5% glycerol) Middlebrook 7H11 media (BD 
Biosciences) supplemented with 10% OADC (Sigma-Aldrich). The plates were incubated at 37oC, and 
colonies were counted after 28 days. 

4.9. Hematoxylin and Eosin (H&E) Staining  

We collected each mouseʹs left lung lobe and ileum for histological examination. The tissues 
were fixed in 10% formalin for 48 hrs at room temperature and processed in an automated tissue 
processor (Shandon-Elliott duplex processor). Five micrometres (5µm) thick tissue sections were cut 
using a rotatory microtome (Leica RM 2125 RT; Leica MicrosystemsGmbH, Wetzlar, Germany) and 
mounted on gelatine-coated histological slides and H&E stained using an autostainer (Leica Auto 
Stainer XL). Histological slides were scanned using an Olympus VS120 slide scanner and analysed 
using the Quantitative Pathology (Qupath, version 0.3.2) and FIJI (ImageJ) software. 

4.10. Immunohistochemistry  

The following primary antibodies were used: cluster of differentiation (CD) 4 (D7D2Z, Rabbit 
mAb, diluted 1:100), CD8α (D4W2Z, Rabbit mAb, diluted 1:400), CD68 (E3O7V, Rabbit mAb, diluted 
1: 400), Lymphocyte antigen 6 complex locus G6D (Ly6G) (E6Z1T, Rabbit mAb, diluted 1:100), High 
mobility group box protein 1 (HMGB1)(D3E5, Rabbit mAb, diluted 1:200) (Cell Signaling Technology, 
USA), CD14 (SC69-02 Rabbit mAb, diluted 1:100) and CD45R/B220 (PTPRC/1783R, Rabbit mAb, 
diluted 1:50) (Novus Biologicals, USA). Staining was done on paraffin-embedded lung samples using 
the Leica Bond III immunohistochemistry autostainer (Leica Biosystems, Nussloch, Germany).  

4.11. Luminex Multiplex Assay 

We evaluated the concentrations of the cytokines; interferon-gamma (IFN-γ), tumour necrosis 
factor-alpha (TNF-α), interleukins (IL)-1beta (β), 2, 4, 6, 10, 13, 17A and 22 (Merck Millipore, USA), 
and the immune checkpoint proteins;   B- and T-lymphocyte attenuator (BTLA), CD 27, 80, 276, 137 
ligands (L), cytotoxic T lymphocyte antigen 4 (CTLA4), programmed cell death protein (PD)-1, 
lymphocyte-activation gene (LAG)-3, T cell immunoglobulin and mucin domain-containing protein  
(TIM)-3, PD-ligand 1, and 2 (Thermo Fisher Scientific, Austria) in lung and spleen supernatants 
following the manufacturer’s instructions. 

4.12. Quantification of Histopathological and Immunohistochemical Stained Slides 

H&E-stained lung sections were assigned quantitative scores following previously described 
methods with modifications [49,50]. In brief, the slides were scored based on four categories: the 
number of lesions/granulomas, the extent of lung lesion involvement, destructive inflammatory 
pathology, and the cellular composition of lesions. For the number of lesions/granulomas, each slide 
was scored on a five-point scale: (1) no granuloma, (2) 1–2 granulomas, (3) 3-5 granulomas, (4) 6-10 
granulomas and (5) multiple or miliary patterns of lesions, respectively. For the extent of lung lesion 
involvement, the lung was scored on a four-point scale: (1)10%, (2) 10-25%, (3) 25-50%, and (4) greater 
than 50%. Destructive lung pathology was scored on a three-point scale: (1) well-delineated 
lesions/granulomas, (2) marked extension of inflammatory cells into neighbouring alveolar spaces or 
airway walls, (3) widespread inflammation or presence of necrosis foci and build-up of proteinaceous 
fluid or fibrin. Cellular composition of lesions was scored on a three-point scale: (1) lesions containing 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 October 2025 doi:10.20944/preprints202510.2253.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.2253.v1
http://creativecommons.org/licenses/by/4.0/


 16 of 19 

 

a higher proportion of lymphocytes, (2) mixture of lymphocytes and macrophages with few 
neutrophils, (3) high frequency of macrophages and neutrophils.  

H&E stained ileum sections were evaluated and scored using the following features: (1) crypt 
damage (0- no crypt injury; 1- loss of basal one-third of the crypt; 2- loss of basal two-third of the 
crypt; 3- loss of full thickness of crypts; 4- total thickness of crypt loss with surface erosion (2) goblet 
cell loss, that is a reduction of goblet cell number relative to basal goblet cell number per crypt (0- no 
goblet cell loss; 1- minimal; 2- mild; 3- moderate; 4- marked (3) villous blunting (0- no blunting; 1- 
mild; 2- moderate; 3- severe 4-villous atrophy. The total score per mouse was calculated on a scale of 
0-12 [51–54]. 

For immunohistochemical analysis, the average 3, 3ʹ-diaminobenzidine (DAB) stains were 
quantified using the positive cell detection analysis on Qupath following an optimised workflow for 
each antibody [55].  

4.13. Statistical Analysis 

Sample size estimation for the number of mice used in the study was based on the number of 
animals used in similar models in the existing literature [11,18,19,56,57]. We performed two 
independent experiments and pooled the data together for statistical analysis. All analyses were 
performed in R version 4.3.3.  Differences in the α-diversity and taxa relative abundance were 
computed using the Wilcoxon test for paired samples and the Kruskal-Wallis test, followed by 
pairwise comparison between the groups with Benjamini–Hochberg correction for multiple testing 
for unpaired samples. Unweighted-Unifrac metrics were used to estimate between-sample 
dissimilarity (β-diversity), followed by the distance-based permutation multivariate analysis of 
variance (PERMANOVA) [58]. Mtb burdens (CFU) were transformed to logarithms as log10 CFU. 
Differences in the CFU, Luminex, and immunohistochemistry data were performed using One-way 
Analysis of Variance (ANOVA) followed by the Least Significant Difference (LSD) post hoc analysis. 
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