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Abstract:
As a progressive neurodegenerative disorder, Alzheimer’s disease (AD) can result in significant memory loss and 
cognitive deterioration. Several recent studies show that herpes simplex virus type I (HSV-1) is closely related to AD 
pathology. Microglia, the primary immune cells in the central nervous system, are also shown to play an important role 
in AD. In this study, we developed a microglia-containing 3-dimensional (3D) human brain organoid from human-
induced pluripotent stem cells (hiPSCs) to study the relationship between microglia and HSV-1-induced AD phenotypes. 
We found that microglia increased the generation of amyloid-β protein (Aβ) and neurofibrillary tangles (NFTs), 
contributed to neural loss, and enhanced gliosis and neuroinflammation. We also employed shRNA vectors to inhibit 
certain cytokines related to neuroinflammation and examined the impact on Aβ aggregation. This model can facilitate 
future research on the treatment of AD regarding microglia and HSV-1.
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1. Introduction
Alzheimer’s disease (AD) is a progressive neurodegener-
ative disorder with symptoms including severe cognitive 
deterioration, short-term memory loss, speech impairment, 
and eventually an inability to carry out daily activities [1]. 
Approximately 50 million people worldwide suffer from 
AD, and according to the World Alzheimer Report, this 
number is expected to increase to 152 million in 2050 [2]. 
Despite the current progress on understanding typical phe-
notypes of AD, including amyloid plaques, neurofibrillary 
tangles (NFTs), neuroinflammation, and gliosis, the cause 
of this devastating disease, unfortunately, remains elusive 
[3].
In recent years, mounting evidence indicates that the cause 
of AD is strongly associated with virus infection, includ-

ing herpes simplex virus type I (HSV-1). HSV-1 is a wide-
spread human specific virus that can establish lifelong 
infection, accounting for a heavy burden on the patients as 
well as their family members in both life and economy [4]. 
Since animal models, like mice and rats, lack human ge-
netic background and significant differences exist between 
human’s and animals’ nervous system, they cannot accu-
rately replicate the pathological features of AD. Thus, an 
in-vitro human brain organoid (HBO) is strongly needed. 
Microglia, which constitute 10-15% of total cells in the 
brain, are the primary immune cells in the central nervous 
system (CNS) [5]. They involve in neuronal development, 
uptake of aggregated protein, and synaptogenesis [6-9]. 
Given that microglia play a crucial role in AD pathology, 
adding them to a human brain organoid can make it more 
realistic.
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Figure 1. Generation of MC-HBO and the experimental design
In this study, we aim to examine the impact of microglia 
in the HSV-1-infected HBO on AD pathology. Follow-
ing the protocol proposed by Bejoy et al., we generated 
a microglia-containing 3D human brain organoid (MC-
HBO) to study the critical roles of microglia in the HSV-
1-induced AD. We used human induced pluripotent stem 
cells (hiPSCs) to generate HBO and microglia separately, 
and, on day 33, they were mixed and formed an MC-HBO 
[10,11]. Then, we performed single cell RNA sequencing 
(scRNA-seq) for microglia characterization (Figure 1). In 
the subsequent experiments, an HBO without microglia 
was set as a control compared with the MC-HBO. Both 
organoids were cultured for 33 days and then inoculated 
with HSV-1 for 3 days, and we detected the effects of mi-
croglia on the typical AD features. We also used shRNA 
to inhibit the expression of certain cytokines (e.g., TNF-α, 
IL-6, IL-4, and IL-10) to determine the impact of them 
on Aβ aggregation. Overall, we developed an effective 
MC-HBO mimicking HSV-1 infection and AD pathology, 
enabling the examination of microglia’s significant roles 
in AD pathology. We expected to provide this model as a 
platform facilitating further explorations on the correla-
tion between microglia and AD and research on potential 
therapy targeting HSV-1 on AD.

2. Results
2.1 The presence of microglia in the human 
brain organoid increased Aβ deposition
At first, we determined the effects of microglia on am-
yloid-β protein (Aβ) generation. The MC-HBO and the 

control were cultured for 33 days and infected with HSV-
1 for 3 days. Thioflavin T (ThT), a fluorescent dye that 
produces increased fluorescence when binding to amyloid 
fibrils, was used to label amyloid fibrils in the HBOs [12]. 
We found that the organoid containing microglia was 
more positive for ThT than the control, suggesting that 
there was increased Aβ deposition with the presence of 
microglia.

2.2 Microglia engulfed Aβ in the human brain 
organoid
To further investigate the correlation between microglia 
and Aβ deposition, we performed a subsequent experi-
ment. ThT was used to label Aβ. To recognize microglia, 
transmembrane protein 119 (TMEM119), which is ex-
clusively expressed in microglia at a high level in human 
brains, was subject to immunostaining with antibodies 
against them [13,14]. We found that there was ThT in 
microglia (i.e., there is color overlap), indicating that mi-
croglia engulfed Aβ in the HBO.

2.3 The presence of microglia enhanced the 
generation of NFTs, which are caused by hy-
perphosphorylation of protein tau
To determine whether the presence of microglia has influ-
ence on the generation of NFTs, a typical AD phenotype 
caused by aggregation of protein tau, we stained hyper-
phosphorylated tau using phospho-tau antibodies in the 
HBOs [15]. We found elevated NFTs in the MC-HBO 
compared with the control.

2.4 Microglia-containing human brain or-
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ganoid exhibited a more obvious reduce in its 
size, suggesting neural loss
In addition, we aimed to demonstrate if microglia are also 
related to another typical AD feature, substantial neural 
loss. Neuron-associated proteins neuronal class III β-tubu-
lin (TUJ1) and microtubule-associated protein 2 (MAP2) 
were visualized by immunofluorescence in the HBOs. We 
found significantly lower presence of these proteins in the 
HBO with microglia than the HBO without microglia, in-
dicating a more substantial neural loss in the HBO due to 
microglia.

2.5 The presence of microglia resulted in in-
creased gliosis and neuroinflammation
We also demonstrated the relationship between microglia 
and other HSV-1-induced AD phenotypes, such as gliosis 
and neuroinflammation. After 33 days of culture, the MC-
HBO and the control were exposed to HSV-1 for 3 days. 
First, we used antibodies against glial fibrillary acidic 
protein (GFAP)—a glia marker—to indicate glia in the 
HBOs. We found that there was more GFAP in the MC-

HBO than the HBO that did not contain microglia, impli-
cating increased gliosis in the HBO with the presence of 
microglia.
Furthermore, we assayed markers of neuroinflammation. 
Tumor necrosis factor-α (TNF-α), one of the main pro-in-
flammatory cytokines, is involved in many neurodegener-
ative diseases, and interleukin-6 (IL-6) is another pro-in-
flammatory cytokine [16]. We examined the expression of 
these factors before and after HSV-1 infection using PCR 
(Figure 2A, B). The expression of anti-inflammatory cy-
tokines, including interleukin-4 (IL-4) and interleukin-10 
(IL-10), were also assayed before and after infection (Fig-
ure 2C, D). We demonstrated that the expression of the 
pro-inflammatory cytokines in the MC-HBO significantly 
increased after infection, and the expression of the anti-in-
flammatory cytokines decreased after infection, which 
revealed increased neuroinflammation. However, the ex-
pression of the cytokines in the HBO without microglia 
showed no statistically significant difference before and 
after HSV-1 infection.

 
Figure 2. The presence of microglia resulted in increased neuroinflammation. (A, B) The mRNA 
amount of pro-inflammatory cytokines was examined by PCR in the HBOs. (C, D) The mRNA 
amount of anti-inflammatory cytokines was monitored by PCR before and after HSV-1 infection. 

2.6. Inhibition of inflammatory factors’ expression resulted in changes in A aggregation in 
the MC-HBO  

To further characterize the impact of the cytokines mentioned before (TNF-, IL-6, IL-4, and IL-10) 
in the MC-HBO, we used shRNA to inhibit the expression of certain cytokines. We designed an 
shRNA sequence based on the mRNA sequence of the target gene. Then, we constructed an shRNA 
expression vector and introduced it into microglia cells (Figure 3). Finally, we used western blot to 
verify the cytokines’ level to confirm that the shRNA inhibited the expression of these cytokines 
successfully. ThT was again used to label amyloid fibrils. We found that the inhibition of the pro-
inflammatory cytokines down regulated A aggregation in the MC-HBO; in contrast, inhibiting the 
anti-inflammatory cytokines up regulated A aggregation (Table 1). 

 
Figure 3. An shRNA vector used to inhibit certain cytokines  
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Figure 2. The presence of microglia resulted in increased neuroinflammation. (A, B) The 
mRNA amount of pro-inflammatory cytokines was examined by PCR in the HBOs. (C, D) The 
mRNA amount of anti-inflammatory cytokines was monitored by PCR before and after HSV-

1 infection.

3



Dean&Francis

2.6 Inhibition of inflammatory factors’ ex-
pression resulted in changes in Aβ aggrega-
tion in the MC-HBO
To further characterize the impact of the cytokines men-
tioned before (TNF-α, IL-6, IL-4, and IL-10) in the MC-
HBO, we used shRNA to inhibit the expression of certain 
cytokines. We designed an shRNA sequence based on the 
mRNA sequence of the target gene. Then, we construct-
ed an shRNA expression vector and introduced it into 

microglia cells (Figure 3). Finally, we used western blot 
to verify the cytokines’ level to confirm that the shRNA 
inhibited the expression of these cytokines successfully. 
ThT was again used to label amyloid fibrils. We found that 
the inhibition of the pro-inflammatory cytokines down 
regulated Aβ aggregation in the MC-HBO; in contrast, in-
hibiting the anti-inflammatory cytokines up regulated Aβ 
aggregation (Table 1).
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in the MC-HBO, we used shRNA to inhibit the expression of certain cytokines. We designed an 
shRNA sequence based on the mRNA sequence of the target gene. Then, we constructed an shRNA 
expression vector and introduced it into microglia cells (Figure 3). Finally, we used western blot to 
verify the cytokines’ level to confirm that the shRNA inhibited the expression of these cytokines 
successfully. ThT was again used to label amyloid fibrils. We found that the inhibition of the pro-
inflammatory cytokines down regulated A aggregation in the MC-HBO; in contrast, inhibiting the 
anti-inflammatory cytokines up regulated A aggregation (Table 1). 
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Figure 3. An shRNA vector used to inhibit certain cytokines

Table 1. Predicted changes in Aβ aggregation in MC-HBO after inhibiting certain cytokinesTable 1. Predicted changes in A aggregation in MC-HBO after inhibiting certain cytokines 

 

3. DISCUSSION  

In this study, we developed a microglia-containing human brain organoid to investigate the crucial 
roles of microglia in HSV-1-induced AD. We found that microglia were strongly related to many AD 
phenotypes. The presence of microglia enhanced the generation of A and NFTs and increased gliosis 
and neuroinflammation, indicating the potential relationship between microglia and AD pathology. It 
also suggested the potential interaction between microglia and HSV-1, which might help discover 
more effective medicine for AD. Our organoid containing microglia was close to reality and can be 
used to study other AD treatments regarding microglia and HSV-1. However, our model had 
limitations. The protocol we used was time-consuming and required multiple proteins to induce 
microglia and HBO from hiPSCs. In the future, we will explore the underlying mechanisms for the 
up regulated AD phenotypes by microglia. 
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3. DISCUSSION
In this study, we developed a microglia-containing human 
brain organoid to investigate the crucial roles of microg-
lia in HSV-1-induced AD. We found that microglia were 
strongly related to many AD phenotypes. The presence of 
microglia enhanced the generation of Aβ and NFTs and 
increased gliosis and neuroinflammation, indicating the 
potential relationship between microglia and AD pathol-
ogy. It also suggested the potential interaction between 
microglia and HSV-1, which might help discover more 
effective medicine for AD. Our organoid containing mi-
croglia was close to reality and can be used to study other 
AD treatments regarding microglia and HSV-1. Howev-
er, our model had limitations. The protocol we used was 
time-consuming and required multiple proteins to induce 
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