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Abstract

Yellow fever (YF) infection typically affects the liver, with death primarily attributed to acute hepatic
failure. The autophagic process in Flavivirus infection may be a key factor in disease progression. We
explored the role of autophagy in the pathogenesis of YF within the liver tissue of fatally affected
individuals. Liver samples were collected from 21 Yellow Fever Virus (YFV)-positive patients who
died from the disease and five flavivirus-negative controls who died from unrelated causes but had
preserved liver parenchymal architecture. The cellular stress environment established in the hepatic
parenchyma in fatal virus-positive cases was found to be highly intense. Quantitatively, all markers
(iNOS, IL-13, IL-18, IL-33, BECLIN 1 and RIP3) showed increased expression in relation to the control
group, which revealed the involvement of these markers in the pathogenesis of YF. Through
correlation tests, we confirmed that both enzymes and proteins collaborate to increase inflammatory
activity in the liver parenchyma, mainly in the midzonal zone. These findings suggest that autophagy
is associated with the robust inflammatory response in the liver during fatal cases of yellow fever in
humans.

Keywords: yellow fever; autophagy; liver parenchyma; Arbovirus

1. Introduction

The Yellow Fever virus (YFV) is an arthropod-borne virus belonging to the Flaviviridae family,
Flavivirus genus, positive-sense RNA. Its genome, comprising approximately 11,000 bases, consists
of a single open reading frame flanked by 2 untranslated regions. Like other flaviviruses, it has the
ability to induce the production of a polyprotein that is processed and cleaved into three structural
and seven non-structural proteins, modulating the host immune response [1-5]. From a clinical
perspective, manifestations range from asymptomatic infection to severe disease, defined as Yellow
Fever Disease (YFD), where, with the progression of the inflammatory process, pan-systemic
complications lead to devastating effects on organs with an intense vascular network such as the
kidney, lung, liver, brain, and heart [6-10]. The exacerbated worsening in organs with selective virus
tropism, such as liver, is considered. In this case, histological lesions coincide with areas of
hemorrhage and adjacent inflammatory infiltration. Inmune response in this organ indicates that
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both Thl and Th2 lymphocytic modulation induces pro- and anti-inflammatory cytokines release,
promoting the establishment of an inhospitable tissue environment that attempts to inhibit the
replicative process. However, this exacerbates both tissue and cellular, culminating in the
phenomenon of cell death, classically marked by necrosis and apoptosis [11-15].

With the advancement of investigations into cellular injury mechanisms, the study of autophagy
as a regulatory process of cellular recycling aimed at maintaining cellular homeostasis still requires
further clarification on how flaviviruses can manipulate this process and how the defense system acts
to mediate cytokine production to contain the virus's immune evasion strategies. Thus, we
investigated the role of autophagy and its implications in the immunopathogenesis of fatal cases of
human yellow fever.

2. Materials and Methods

2.1. Patients, Samples, and Diagnosis of Yellow Fever Infection

This study analyzed a total of 26 human liver biopsies, comprising 21 samples from fatal cases
of yellow fever (YF). Five control samples were collected from patients with preserved liver
architecture, testing negative for YF and other circulating Flaviviruses in Brazil, as verified by the
death verification service at the Renato Chaves Scientific Expertise Center in Belém, Par4, Brazil.

YF diagnoses confirmation was based on the methods outlined in the study by Olimpio et al.
[16], which included histopathological, immunohistochemical, and reverse transcriptase quantitative
real-time polymerase chain reaction(RT-qPCR) analyses. For histopathological diagnosis, the
paraffin-embedded biopsies were sectioned into 5um slices and stained using the hematoxylin-eosin
method. Detailed information about the patients included in this study is presented in Table 1.

Table 1. Characterization of patients with YF according to gender, age, state, year and duration of disease.

Case Patient Gender Age State Year IT*

1 001/00 M 25 Tocantins 2000 8

2 106/00 M 75 Goias 2000 NR**
3 108/00 M 49 Goias 2000 7

4 494/00 M NR** Distrito Federal 2000 NR**
5 251/00 M 16 Mato Grosso do Sul 2000 6

6 252/00 M 49 Goias 2000 NR**
7 253/00 M 23 Goias 2000 NR**
8 255/00 M NR** Goias 2000 NR**
9 291/00 M NR** Goias 2000 NR**
10 158/00 M 33 Goias 2000 NR**
11 063/03 M NR** Minas Gerais 2003 NR**
12 339/04 M 36 Amazonas 2004 11

13 019/08 M 64 Goias 2008 7

14 273/08 M 57 Goias 2008 7

15 068/08 F 65 Goias 2008 2

16 095/08 M 42 Goias 2008 3

17 143/08 M 37 Distrito Federal 2008 NR**
18 361/15 F 53 Rio grande do Norte 2015 4

19 062/16 M 35 Goias 2016 NR**
20 346/16 M 15 Goias 2016 7

21 369/16 M 27 Goias 2016 1

*IT= Illness time/ **NR= No registry.

2.2. Ethics Statement

Patient samples were obtained and processed as part of the response measures to the
surveillance of the YFV epidemic in Brazil on an emergency basis, as defined by the Ministry of

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


https://doi.org/10.20944/preprints202509.1995.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2025 d0i:10.20944/preprints202509.1995.v1

3 of 12

Health. This study was approved (protocol code number 2.364.226) by the Research Ethics Committee
(CEP) of the Evandro Instituto Chagas (IEC). All methods were performed in accordance with the
relevant guidelines and regulations approved by the CEP / IEC and the Brazilian Ministry of Health
rules and regulations for studies with biological samples.

2.3. Immunohistochemistry (IHC)

Immunostaining of the hepatic tissues was performed using the streptavidin-biotin peroxidase
immunohistochemical method (SABC) adapted it according to Olimpio et al., [16]. Antibodies specific
for iNOS, IL-1p, IL-18, IL-33, BECLIN 1 and RIP3 are listed in Table 2. Briefly, tissue samples were
deparaffinized in xylene and hydrated in a decreasing series of ethanol (90%, 80%, and 70%). Liver
sections were incubated in 3% hydrogen peroxide for 45 min to block endogenous peroxidase.
Incubation in citrate buffer, pH 6.0, for 20 min at 90 °C was realized to antigen retrieval. Non-specific
proteins were blocked by incubating the sections in 10% skim milk for 30 min. Histological sections
were then incubated overnight with the primary antibodies diluted in 1% bovine serum albumin
(supplementary file). The slides were immersed in 1 x PBS and incubated with the biotinylated
secondary anti-body (LSAB; DakoCytomation, Glostrup, Denmark) in an oven for 30 min at 37 °C.
The slides were immersed in 1 x PBS and incubated with streptavidin peroxidase (LSAB;
DakoCytomation) for 30 min at 37 °C. For visualization, specimens were treated with a chromogenic
solution (0.03% diaminobenzidine and 3% hydrogen peroxide). Finally, histological sections were
washed in distilled water, counterstained with Harris hema-toxylin for 1 min, dehydrated in ethanol
(70%, 80%, 90%), and deparaffinized in xylene.

Table 2. Antibodies used in the study of autophagy profile in liver of fatal cases YFV-induced.

Markers Reference Dilution
iNOS Abcam/ab15323 1/200
IL-1B Abcam/ab9722 1/100
IL-18 Abcam/ab68435 1/100
IL-33 Abcam/ab118503 1/100
BECLIN 1 Abcam/ab210498 1/500
RIP3 Abcam/ab152130 1/50

2.4. Quantitative Analysis and Photo-Documentation

The markers used to characterize the in-situ autophagy profile were visualized us-ing an Axio
Imager Z1 microscope (Zeiss). Immunostaining results were evaluated quantitatively by randomly
selecting ten fields in the hepatic parenchyma (Z3: Centrilobular zone; Z2: Midzonal zone; Z1:
Periportal zone; PT: Portal tract) of the fatal YF or negative control (NC) cases for viewing at high
magnification. Each field was subdi-vided into 10 x 10 areas delimited by a 0.0625 mm?2 grid.

2.5. Statistical Analysis

The data were stored in a Microsoft Excel 2016 spreadsheet and analyzed using GraphPadPrism
9.0. The numerical variables were expressed as the mean, median, standard deviation, and variance.
One-way ANOVA, Tukey’stest, and Pearson correlation were also applied; results were considered
statistically significant at p <0.05.

3. Results

In fatal YFV, all analytes, IL-1p, IL-18, IL-33, iNOS, BECLIN-1 and RIP3, were markedly
increased compared with flavivirus-negative controls across hepatic compartments (one-way
ANOVA with Tukey’s post-hoc; Table 3; Figures 1 and 2). Expression consistently peaked in the
midzonal region (Z2) for every marker. For example, in Z2 we observed ~2.3x higher IL-13 (190.5 =
75.0 vs. 83.2 £ 13.4 cells/field), ~3.9x higher IL-18 (365.0 + 44.9 vs. 92.8 + 30.8), ~3.9x higher IL-33 (351.2
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+43.1 vs. 89.6 +21.5), ~3.9x higher iNOS (150.1 +22.3 vs. 38.4 £ 8.8), ~2.8x higher RIP3 (255.1 + 90.9 vs.
92.8 +13.4), and ~2.1x higher BECLIN-1 (134.1 + 19.3 vs. 64.0 + 16.0) relative to controls (all p < 0.001
unless noted; Table 3). The zonal gradient (Z2 > Z3 = Z1 > PT) was evident for most markers, and
pairwise post-hoc contrasts within each zone remained significant (Table 3).
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Figure 1. Quantitative analysis of markers associated with the autophagy/inflammation response in fatal yellow
fever versus negative controls. Number of positive cells per high-power field for (a) IL-1p, (b) IL-18, (c) IL-33,
(d) iNOS, (e) RIP3 and (f) BECLIN-1 across Z3 (centrilobular), Z2 (midzonal), Z1 (periportal) and PT (portal
tract). One-way ANOVA with Tukey’s post-hoc. *p < 0.05; **p < 0.001; ***p < 0.0001.

Table 3. Quantitative analysis of autophagy markers in the hepatic parenchyma in fatal YFV cases compared to
control cases. Z3: Centrilobular zone; Z2: Midzonal zone; Z1: Periportal zone; PT: Portal tract. Tukey-test; ***p <
0.0001; ** p < 0.001; * p < 0.05.

Markers Z3 72 71 PT ANOVA
(p £0.05)
IL-1B 109.0+24.06 190.5+75.03 86.10+16.38 70.10+ 16.38  <0.0001***
Control 67.20+13.39 83.20+13.39 54.40+18.24 48.00+ 11.31
Tukey (p < 0.05) <0.0001*** <0.0001*** 0.0002*** 0.0098**
IL-18 154.7+21.06 365.0+44.86 123.4+16.89 90.67+21.66  <0.0001***
Control 83.20+13.39 92.80+30.78 70.40+24.27 60.80+7.259
Tukey (p < 0.05) 0.0007*** <0.0001*** <0.0001*** 0.0011**
1L-33 146.3 +20.42 351.2+43.07 177.2451.64 89.14+21.21  <0.0001***
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Control 92.80 +23.73 89.60 + 21.47 37.60+7.79 41.60 + 18.24
Tukey (p < 0.05) 0.0011** 0.0045** 0.0008*** 0.0091**
iNOS 100.6+£20.33 150.1+22.33 89.90+19.90 76.19+15.92  <0.0001***
Control 38.40+18.24 38.40+8.764 44.80+13.39 48.00+19.60
Tukey (p < 0.05) <0.0007*** <0.0007*** <0.0007*** 0.0062**
RIP3 140.20 +19.41 255.10%£90.92 108.10+18.13 96.33 £ 12.06
Control 59.20 + 6.57 92.80 £ 13.39 29.40 + 3.84 2220+2.68  <0.0001***
Tukey (p <0.05) <0.0001*** <0.0001*** <0.0007*** <0.0001***
BECLIN 1 92.19£16.71 134.10 £ 19.25 85.33 £ 16.26 66.29 +16.23  <0.0001***
Control 48.00 + 11.31 64.00 + 16.00 44.80 + 20.86 35.60 + 6.98
Tukey (p < 0.05) <0.0007*** 0.0008*** <0.0007*** <0.0001

A
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Figure 2. Representative immunohistochemistry of autophagy/inflammation markers in fatal yellow fever
versus negative controls. Micrographs for (A) IL-13, (B) IL-18, (C) IL-33, (D) iNOS, (E) RIP3 and (F) BECLIN-1
in zones Z3, Z2, Z1 and PT. Insets highlight zonal patterns (Z2 peak). NC, negative control. Magnification: x400.

RIP3 was strongly up-regulated in hepatocytes, particularly in Z2, aligning with activation of
necroptosis pathways in severe YFV (Table 3; Figure 1e,f). Correlation analyses further highlighted
coordinated shifts between autophagy and inflammation (Table 4 / Table S4): a robust RIP3-iNOS
axis (e.g., RIP3 [Z1]-iNOS [PT], r = 0.84; RIP3 [Z2]-iNOS [PT/Z2], r = -0.83/-0.82), coupling between
IL-18 and IL-33 in Z3 (r = 0.80), and zonal links between BECLIN-1 and cytokines (IL-33 [Z2] with
BECLIN-1 [Z1/PT], r=0.79/0.76; IL-18 [22] with BECLIN-1 [Z1/Z2], r = -0.75). Together, these patterns
indicate an autophagy—-inflammation crosstalk centered on Z2. (Table 4). The full correlation matrix,
including FDR-adjusted g-values, is provided in Table S4.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 4. Key correlations (Ir| > 0.75) among autophagy and inflammation markers across hepatic zones in fatal
YFV (Pearson). Pearson’s r (two-tailed). Exact p-values are shown; the complete set with Benjamini-Hochberg
FDR (q) is provided in Table S4. Zones: Z1, periportal; Z2, midzonal; Z3, centrilobular; PT, portal tract. Markers:
BECLIN-1, RIP3, iNOS, IL-1p, IL-18, IL-33.

Pair (marker [zone] — marker [zone]) R

RIP3 (Z1) — iNOS (PT) 0.8402 <0.0001
RIP3 (Z2) —iNOS (PT) -0.8333 <0.0001
RIP3 (Z2) - IL-1B (PT) -0.8179 <0.0001
RIP3 (Z2) - iNOS (Z2) -0.8160 <0.0001
IL-18 (Z3) — IL-33 (Z3) 0.8044 <0.0001
iNOS (Z1) - IL-1B (PT) 0.8011 <0.0001
I1.-33 (Z2) - BECLIN-1 (Z1) 0.7876 <0.0001
IL-33 (Z2) - BECLIN-1 (PT) 0.7615 0.0002
iNOS (Z2) — IL-18 (PT) -0.7569 <0.0001
IL.-18 (Z2) - BECLIN-1 (Z2) -0.7557 0.0003
IL.-18 (Z2) - BECLIN-1 (Z1) -0.7528 <0.0001

4. Discussion

The YFV is a flavivirus that has raised significant systemic concerns due to the risk of
reemergence and sporadic outbreaks in developing countries, with alarming repercussions for public
health [17-19]. From the perspective of the host-pathogen relationship and tissue
compartmentalization, the way YFV manages to infect cells within the hepatic parenchyma still
requires further clarification. It is believed that both hepatocytes and Kupffer cells are primary
targets, reflecting directly on how the defense system organizes the in situ immune response in the
rapaport space to try to inhibit replication [20-22].

However, due to immune evasion strategies, the escape mediated by adaptive survival
characteristics in the pathogen's tissue environment induces a series of cellular injury mechanisms
culminating in increased expression of inflammatory cytokines and the phenomenon of cell death
[23-26].

From the results, in our investigation of cytokines belonging to the IL-1 family (IL-1(3, IL-18, and
IL-33), enzymes like iNOS, protein kinase RIP3, and autophagy markers (BECLIN-1), we observed
that the cellular stress environment established in the hepatic parenchyma in fatal virus-positive
cases is very intense. Quantitatively, all markers showed an increase compared to the control, and
through correlation tests, we verified that both the enzyme and proteins work together to increase
inflammatory activity in the hepatic parenchyma, especially in the mediozonal zone.

The elevation of inflammatory cytokines such as IL-1p and IL-18 indicates that the pro-
inflammatory response is substantially necessary to enhance not only the Thl response but also
oxidative stress. Another important aspect is the activation of the inflammasome, a macromolecule
belonging to the innate immune response that is essential for orchestrating the cleavage and
conversion of these cytokines into their active form [27-30].

Several studies with flaviviruses have shown, for example, in fatal cases of Zika virus-induced
microcephaly, that such mechanisms trigger the exacerbation of tissue damage marked by neuronal
depopulation, neuronal necrosis, and perivascular inflammatory infiltration [31-34].

In our results, a noteworthy fact is that these cytokines are widely expressed in areas of massive
destruction of hepatocytes, with a predominance of markers like iNOS. Considering the cellular stress
environment caused by cell damage, this enzyme that modulates the activity of Kupffer cells through
the classical inflammatory pathway demonstrates that this scenario contributes to the modulation of
the M1 phenotype, where iNOS leads to the formation of L-citrulline, NO, and consequently reactive
oxygen and nitrogen intermediates harmful to the survival of liver cells [33-35].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Due to this immunological seesaw, studies on the immunopathogenesis of YF demonstrate the
paradoxical balance between the Th1 and Th2 profiles [36-38]. Amidst the intense tissue destruction
characterizing YF, such as hemorrhage and coagulative hepatocellular necrosis, in an attempt to
prevent the progression of an extremely inhospitable environment [26,35], cytokines like IL-33 have
gained importance in immunological studies for flaviviruses. IL-33 modulates a series of mechanisms
that contribute to the development of Th2 lymphocyte response, and in the liver, the protein may
contribute to the modulation of the M2 macrophage phenotype, which is reparative [39—41]. Another
significant point is that this cytokine strongly modulates apoptosis mechanisms, and in YF, this
phenomenon is crucial as apoptosis prevents the leakage of enzymatic content, avoiding the
progressive escalation of inflammation.

Advancing in this scenario, in investigating autophagy, we found a significant increase in both
BECLIN-1 and RIP3 in fatal virus-positive cases compared to the control. This indicates that
autophagy may be decisive in mediating the recycling of cellular components over the massive attack
orchestrated by both virus and the immune response [42-46]. Another interesting finding in our
study is that both RIP3 and BECLIN-1 positively or negatively correlate with other markers involved
in the study, demonstrating that autophagy is in an influential area in YFV, where in situ cellular
recycling is another mechanism contributing to the phenomenon of cellular injury in the hepatic
parenchyma of fatal cases of human YF.

5. Conclusions

The study sheds light on the complex immunopathogenesis of YFV. The investigation into the
host-pathogen relationship within the hepatic parenchyma reveals that YFV infection involves both
hepatocytes and likely Kupffer cells, with a profound impact on the in situ immune response. The
observed elevation of inflammatory cytokines, such as IL-1p, IL-18, and IL-33, indicates their
involvement along with the activation of the inflammasome, leading to a substantial pro-
inflammatory response essential for intensifying the Thl response and oxidative stress. In essence,
the research provides valuable insights into the immunological seesaw and the complex cellular
stress environment in fatal cases of yellow fever in humans, emphasizing the need for a
comprehensive understanding of these mechanisms to develop effective strategies for prevention and
intervention.
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Abbreviations

The following abbreviations are used in this manuscript:

YFV Yellow fever virus

NC Negative control

FFPE Formalin-fixed, paraffin-embedded
HPF High-power field

IHC Immunohistochemistry

PT Portal tract

71/72/Z3 Periportal/Midzonal/Centrilobular zones
BECLIN-1 Autophagy initiation marker

RIP3 Receptor-interacting protein kinase 3
iNOS Inducible nitric oxide synthase
IL-1B/IL-18/IL-33 Interleukins 1(3/18/33

ANOVA Analysis of variance

FDR False discovery rate

BH Benjamini-Hochberg

SD Standard deviation
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