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Abstract

:

Congenital cytomegalovirus (CMV) infection is the main cause of non-hereditary sensorineural hearing loss (SNHL). In order to shed light on SNHL pathophysiology, we examined the auditory pathway in CMV-infected fetuses; the temporal lobe, in particular the auditory cortex, and the inner ear. We investigated both inner ears and temporal lobes of 20 human CMV-infected fetuses at 21 weeks of gestation. As a negative group, five fetuses from spontaneous miscarriages without CMV infection were studied. Inner ears and temporal lobes were histologically examined, immunohistochemistry for CMV and CMV-PCR were performed. On the auditory cortex, we evaluated the local microglial reaction to the infection. CMV-positive cells were found in 14/20 brains and the damage was classified as severe, moderate, or mild, according to histological features. Fetuses with severe brain damage had a statistically higher temporal lobe viral load and a higher number of activated microglial cells in the auditory cortex compared to fetuses with mild brain damage (p: 0.01; p: 0.01). In the inner ears, the marginal cells of the stria vascularis were the most CMV positive. In our study, CMV affected the auditory pathway, suggesting a tropism for this route. In addition, in the auditory cortex, microglial activation may favor further tissue damage contributing to hearing loss.
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1. Introduction


Congenital cytomegalovirus (CMV) infection is the leading non-genetic cause of sensorineural hearing loss (SNHL) and neurodevelopmental delay in children [1,2,3,4]. It accounts for 8–21% of all congenital SNHL at birth, reaching 25% by the age of 4 years due to late-onset hearing loss [5,6,7,8,9].



A particular feature is fluctuating hearing loss that is not explained by concurrent middle ear infections occurring at only a few unilateral or bilateral frequencies [10]. Further deterioration or progression in hearing loss can be observed in about half of the children with SNHL at birth, both in children with symptomatic or asymptomatic infection, although symptomatic children have a greater degree of severity and earlier progression of hearing loss [10]. Without neonatal routine screening programs, asymptomatic newborns are not diagnosed with congenital CMV infection; however, 10–15% of them develop long-term sequelae, especially isolated SNHL [11]. For many children, without a proper diagnosis at birth, their hearing impairments will never be related to congenital CMV due to the subtlety of clinical presentation and the difficulties in providing a late diagnosis (CMV detection in Guthrie card) [10].



CMV neurotropism is well known and ultrasound (US) and MRI are the gold standard imaging tools in the prenatal setting to detect congenital infection. Fetal cerebral US findings, with variable incidence and severity, include microcephaly, ventriculomegaly, parenchymal calcifications, typical calcifications in the lenticulostriate vessels in the thalami, hyperechoic periventricular halo, and subependymal cysts. Especially in the second trimester, progressive ventricular enlargement (>20 mm) associated with periventricular hyperechogenicity should warrant further investigation. Abnormal gyration, such as lissencephaly and polymicrogyria, may be recognized in severe cases as an altered thickness of the cortex. However, MRI is more sensitive in detecting the more subtle migration anomalies, particularly located in the temporal lobes, such as heterotopias and polymicrogyria. The latter is characterized by excessive cortical infoldings for gestational age, and it is a consequence of injuries occurring between the 18th and the 24th week of gestation. White matter T2 hyperintensity, though highly subjective, has been reported in temporal lobes, also in association with a globally reduced volume [9,12].



Histological studies, carried out in congenitally infected fetuses and children, have shed light on the pathophysiology of CMV infection [13,14,15,16,17,18,19]. CMV-positive cells might be found in any cerebral region (leptomeninges, cortex, white matter, germinal matrix, or grey matter) and any kind of cells might be infected (neurons, neuroblasts, glia, endothelial, ependymal, and meningeal). Especially in fetuses with severe cerebral injuries [14,16], cortical damage included laminar necrosis, in which the third layer was wiped out and replaced by macrophages, and early polymicrogyria, with abnormal infoldings of the developing sulci. In the white matter, periventricular leukomalacia, capillary proliferation with plump endothelium, glial karyorrhexis, macrophage infiltration, microglial nodules with activated T-lymphocytes, and ferruginated neurons (i.e., deposition of iron and calcium in neuronal cell body, axons, and dendrites) were the most common neuropathological features. Fetal cerebral damage is thus a combination of multiple injuries. Remarkably, CMV has been found to have a preferential tropism for neural stem/progenitor cells and neuronal committed cells, leading to impaired migration resulting in lissencephaly and/or polymicrogyria [16].



The anatomical counterpart of clinical SNHL in congenital CMV infection has also been documented in different studies [15,17,20].



The inner ear contains the vestibular apparatus, which is the organ of balance, and the cochlea, the organ of hearing. The auditory pathway starts in the cochlea, then the cochlear nerve (VIII nerve) transmits information to the cochlear nuclei located in the medulla. Eventually, the impulse travels upward through the superior olivary complex in the pons and the inferior colliculus in the midbrain. This structure projects via the medial geniculate nucleus in the thalamus to the auditory cortex in the superior temporal lobe [21,22,23]. This cortical area, located bilaterally at the upper sides of the temporal lobes, processes auditory information taking part in the spectro-temporal analysis of the inputs passed on from the ear, interpreting the time and frequency of the signals [23]. Cerebral lesions due to infections in the auditory cortex are generally uncommon, but damage in this cerebral area can result in different clinical deficits as the left auditory cortex processes temporal data, and the right auditory cortex processes spectral information [24,25].



The aim of our study was to increase knowledge in the pathophysiology of SNHL in congenitally infected fetuses. We examined the terminal parts of the auditory pathway: the inner ear and the temporal lobe, in particular the auditory cortex. In this area, we evaluated the presence of residential rod microglia, as this is known to play a key role in neuroinflammation [26].




2. Results


The bilateral auditory pathway, comprising the temporal lobe, including the auditory cortex, and the inner ear, of 19 fetuses at 21–22 weeks of gestational age were histologically and virologically examined. A total of 14 out of 19 fetuses had a congenital CMV infection documented at 21 weeks of gestation by prenatal diagnosis, as the viral load in amniotic fluid was more than 105 copies/mL. All mothers had a primary CMV infection arising before the 12th week of gestation. In total, 5 out of 19 fetuses from CMV seronegative women were also studied as control cases. Three of them were a termination of pregnancy due to fetal cardiac malformation and two were spontaneous miscarriages caused by cervical incompetence.



2.1. Temporal Lobe


In all the 14 fetuses with congenital CMV infection, the immunohistochemistry showed CMV-positive cells in both temporal lobes. According to histological features, the cerebral damage was classified as severe in three, moderate in seven, and mild in four (Table 1).



In this cerebral area, CMV-PCR showed a viral load range of 158–395 copies/5 ng in fetuses with severe brain damage, 80–238 copies/5 ng in moderate cases, and 14–33 copies/5 ng in mild cases. Fetuses with severe and moderate brain damage had a statistically significant higher viral load compared to fetuses with mild (p: 0.01; p: 0.002), respectively. No statistically significant difference was observed between fetuses with severe and moderate brain damage (p: 0.09). No CMV-positive cells and CMV-DNA were observed in the five control fetuses.



In order to evaluate the local microglial reaction to CMV infection, the number of rod-shaped microglial cells was counted in the auditory cortex. The range was 90–208 cells in fetuses with severe brain damage, 44–190 cells in moderate cases, and 33–35 cells in mild cases, respectively. In the control group, the number of cells was within the range of 10–30 (Figure 1). Fetuses with severe and moderate brain damage had a statistically significant higher number of microglial cells compared to fetuses with mild brain damage (p: 0.01; p: 0.01), respectively. No statistically significant difference was observed between fetuses with severe and moderate brain damage (p: 0.3),or between fetuses with mild brain damage and the control group (p: 0.06).




2.2. Inner Ear


CMV-positive cells were found in 9 out of 14 inner ears, in particular in all 3 fetuses with severe brain damage and in 6/7 with moderate brain damage (Table 1).



Regarding the cochlea, in all 9 fetuses with a CMV-positive inner ear, CMV-positive cells were observed in the superficial marginal cells of the stria vascularis, the most vascularized area of the cochlea (Figure 2). CMV-positive cells were also found in the Reissner’s membrane in five fetuses and in the sensory cells of the organ of Corti in one fetus.



Regarding inner ear viral load (Table 1), CMV-PCR showed a viral load range of 1000–1675 copies/5 ng in fetuses with severe brain damage, 0–900 copies/5 ng in moderate cases, and negative in mild cases.



Fetuses with severe brain damage had the highest viral load with a statistically significant difference compared to fetuses with moderate brain damage (p: 0.002) and mild brain damage (negative PCR) (p < 0.001). No statistically significant difference was observed between fetuses with moderate and mild damage (p: 0.17).



No CMV-positive cells and CMV-DNA were observed in the five control fetuses.



Detailed data regarding the auditory pathway features in correlation with histological brain damage are shown in Table S1 in Supplementary Materials.





3. Discussion


It is well known that CMV-infected fetuses present damage to the neurosensory system including the brain and inner ear [13,14,15,16,20]. To the best of our knowledge, this is the first study in which the terminal parts of the auditory pathway including the temporal lobe, in particular the auditory cortex, and the inner ear were investigated.



Regarding the temporal lobe, we observed that fetuses with severe and moderate brain damage had a statistically significantly higher viral load compared to fetuses with mild brain damage. The finding that the tissue viral load closely correlated with the histological damage has been previously reported considering the whole brain [13,14,16]. This study, evaluating the temporal lobe region only, is in agreement with previous findings, despite the small number of cases.



The auditory cortex is located at the upper side of the temporal lobe. This area is necessary both for the simple detection of sound and for the discrimination of frequency [22]. In this area, we evaluated microglial activated cells presenting a rod-shaped nucleus. Microglial cells are brain-resident myeloid phagocytes and the only innate immune cells in the central nervous system. They react to neuronal insults and pathological cerebral events, producing inflammatory cytokines. Moreover, they are involved in the development of the CNS’s connectivity and synaptic plasticity [27].



Microglia can react to viral pathogen-associated molecular patterns (PAMPs), detecting nucleotides released from damaged neurons, as they secrete more ATP. Microglia is then recruited through the P2Y12 G-protein coupled receptor, which also increases on the cellular surface by two times in the case of viral infection. Interferon (IFN) 1 pathway is also upregulated in activated microglia, especially IFN-stimulated genes (ISGs), contrasting viral replication and favoring viral clearance. On the whole, the proteins produced by ISG expression contrast viruses hampering cellular access, translation, transcription, and particle release. Pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs), cytosolic RNA-sensing RIG-like receptors (RLRs), and DNA identifiers detect viral presence. PRRs stimulates IFN regulatory factor 3 (IRF3) through the TIR domain-containing adaptor, inducing IFN-β (TRIF), mitochondrial antiviral signaling (MAVS), and stimulator of type I IFN genes (STINGs). In activated microglia, viral PAMPs, started by PRRs, produce robust IFN reactions. For example, PRRs, after PAMPs activation, induce IFN-β production, which, in turn, binds to the IFN-α receptor, able to start IRF7 gene transcription. The latter boasts a thorough IFN-1 response and, sustained by an autocrine or paracrine pathway, strongly interferes with viral infection. Microglia bestows STING controlled antiviral function to neurons and induce IFN-1 in astrocytes through TLR3.



In experimental studies, it was demonstrated that human endothelial cells exhibit a strong IFN-I response against CMV via a cGAS/STING/IRF3 pathway. Therefore, STING is necessary for the first phase of IFN-I production, limiting early CMV replication [28].



Microglia is able to secrete different kind of cytokines. Cellular studies in vitro have found that CMV-infected astrocytes release the monocyte chemoattractant protein 1 (MCP-1), conveying microglia to the infected cells. Then, microglia produces the tumor necrosis factor α (TNFα), interleukin 1β (IL-1β), and interleukin 6 (IL-6), preventing CMV replication in astrocytes [29]. In particular, TNF-α plays a crucial role as a regulator of acute inflammation because it starts the inflammatory cytokine signaling cascades. It is also involved in homeostatic flexibility, maintaining synaptic connection [30]. Another strong pro-inflammatory cytokine is interleukin-1β, which, in a loop of auto-stimulation, monitors neuroinflammation [31].



Chen accurately reviewed the double role of microglia in viral encephalitis, exerting, at the same time, an antiviral and a pro-inflammatory effect [32].



Moreover, in CMV-infected microglia, the CXCL10 T lymphocyte chemotactic factor is produced, which enables T-lymphocyte recruitment, that, in turn, secrete IFN-γ, hindering viral replication [33]. Neurotropic viral infection may alter synaptic transmission. However, both microglia and neurons display C3aR, which binds C3 cleavage products. The latter, altogether with C3, induce microglial phagocytosis of the infected neurons, getting rid of the presynaptic ends. This action avoids trans-synaptic viral spreading and blocks altered synaptic communications from infected neurons [34].



As already mentioned, microglia is fundamental in neuroinflammation, a general term that indicates microglia activation, cytokines and chemokines release, chemiotaxis of extracerebral immune cells, and local parenchymal lesions. At the same time, neuroinflammation includes tissue damage, but also tissue repair after the elimination of the noxious agents. At resting, microglia presents a ramified cytoplasmic structure and exert on the brain a homeostatic function, controlling neuronal and synaptic activity. Especially in the developing brain, their phagocytic property plays a key role in synaptic pruning, building specific network connectivity [26].



Rod microglia is a recognized morphology of activation and is observed in neuropathological disorders such as multiple sclerosis and encephalitis. Rod microglia presents an elongated and narrowed soma due to the retraction of planar processes [20]. This type of microglia usually aligns along damaged neurons, their dendrites and axons making a protective barrier in order to preserve uninjured neurons. Rod microglia can act together in long strings, producing a coordinated effect to contrast local insults [27,35].



In our study, the number of rod-shaped microglial cells was counted in the auditory cortex to evaluate their reaction to CMV infection. We observed that fetuses with severe and moderate brain damage had a statistically significantly higher number of activated cells compared to fetuses with mild brain damage. Instead, in fetuses with mild brain damage and controls, no difference was found. This finding may suggest that microglial activation goes along with viral infection. However, we did not observe strings of adjacent microglial cells, but only an increased number of them. The microglial immune reaction within the auditory cortex may be beneficial in terms of viral clearing but, at the same time, their cytokine production and oxidative stress may indirectly damage neurons and synaptic connectivity [26,36]. Pro-inflammatory cytokines, as part of the first antigen non-specific response, can be especially harmful for the cerebral parenchyma [36].



The auditory cortex is the cerebral end of the auditory pathway, which starts in the cochlea, the organ of hearing. In our study, CMV-positive cells were found in all cochleae of fetuses with severe brain damage and in most of fetuses (6/7) with moderate brain damage. The marginal cell layer of the stria vascularis was always CMV-positive. As previously reported, considering that these cells are paramount in maintaining the positivity of endocochlear potential through potassium recycling, CMV infection may alter the ion circulation. This process may damage the ion channels and dissipate the endocochlear potential. Ion channel damage may also be attributed to CMV positivity in the Reissner’s membrane. In only one case, CMV-positivity was observed in the Organ of Corti, likely contributing to the impairment of hair cell functions and the mechano-transduction of sound waves [15,20]. In the cochlea, as observed in the temporal lobe, there was a correlation between CMV load and brain histological damage.



This is the first study in which both terminal parts of the auditory pathway have been investigated in fetuses at the same gestational age. Other studies examined the inner ear and the whole brain in fetuses at different gestational ages without focusing on the temporal lobe only [19,20]. However, in our study, the structures between the inner ear and the auditory cortex were not investigated because their little sizes of fetuses at 21 weeks of gestation did not allow the correct sampling.



In conclusion, the terminal parts of the auditory pathway were affected by CMV infection with a correlation between the tissue viral load and the severity of brain damage. Microglial activation within the auditory cortex may additionally contribute to impairing the auditory pathway, as neuroinflammation, in the aim to stop infection, can favor further tissue damage.




4. Materials and Methods


The temporal lobes and inner ears were investigated using: hematoxylin–eosin staining to evaluate the histological damage, immunohistochemistry to identify the presence and distribution of CMV-positive cells, and real-time PCR to detect and quantify the tissue viral load. All the results were the combination of the right and left sides.



After fetal brain removal, petrous bone was identified and accurately dissected from the temporal bone. Then, the inner ears were kept in a weak decalcifier (fixative Gooding Stewart, containing formaldehyde, Bio-Optica, Milan, Italy) for 24–36 h. A tangential section along the insertion of the VIII nerve allowed the correct cochlear paraffin-embedded inclusion.



For immunohistochemistry, an anti-CMV [8B1.2, 1G5.2, 2D4.2] mouse monoclonal primary antibody (product code: 213 M-26; Cell Marque, Rocklin, CA, USA) that reacts with immediate early, delayed early, and late HCMV antigen preparation was used.



The cerebral damage was classified as severe, moderate, or mild, according to histological features as previously described [14,16]. In particular, brain injuries were classified according to a semiquantitative score that evaluated both the extent and severity of damage, as previously applied in other viral encephalitides [37].



The damage was evaluated by integrating the following pathological findings for cortex, white matter, and germinal matrix:




	
Tissue necrosis: 0 = absent; 1 = focal; 2 = diffuse;



	
Microglial Nodules: 0 = absent; 1 = occasional; 2 = scattered; 3 = multiple.








The final score was given, summing each score of the three cerebral areas, from 0 to 15.



Additional inflammatory changes of the cerebral parenchyma were also considered:




	
Microglial activation: 0 = absent; 1 = focal; 2 = diffuse;



	
Astrocytosis:0 = absent; 1 = focal with ramified astrocytes; 2 = diffuse with ramified astrocytes; 3 = 1 or 2 plus astrocyte nuclear clearing—Azheimer’s type II astrocytes—and/or apoptosis;



	
Vascular changes: 0 = no changes; 1 = focal increased number of vessels; 2 = diffuse increased number of vessels, 3 = 1 or 2 plus plump endothelial cells.








The final score was the totality of each individual value (from 0 to 24).



The whole brain damage was then quantified through a scale ranging from 0 to 39. This method was divided into three groups: severe cerebral damage (score 25–39); moderate cerebral damage (score 16–24); and mild cerebral damage (score 0–15).



Microglial-activated cells presenting a rod-shaped nucleus were counted in hematoxylin and eosin staining in 10 fields at 40 HPF. In particular, five fields were from the left side and five were from the right. The final result was the sum of the counted cells. All the histological slides were analyzed by two independent observers. The temporal lobe area was anatomically identified on the unstained slides, dissected from 2 sections (right and left) of 8 microns and placed in a 1.5 mL tube for the deparaffinization procedure, using 160 µL of the deparaffinization solution (Qiagen, Hilden, Germany). For the inner ear, 2 slices of 8 microns (one from the left side and one from the right) were cut from paraffin-embedded blocks. DNA extraction was performed using the QIAsymphony® SP instrument with the QIAsymphony DSP DNA Mini Kit (Qiagen, Hilden, Germany). Purified DNA was eluted in 50 μL and the contained human DNA (hDNA) was quantified using a real-time PCR assay, Quantifiler® Human DNA Quantification Kit (Life Technologies, Carlsbad, CA, USA). Five nanograms of hDNA were processed for HCMV-DNA quantification, carried out using a real-time PCR assay, CMV ELITe MGB™ kit (ELITech Group, Turin, Italy). The tissue viral load for the temporal lobe and the inner ear were reported as number of copies/5 ng of hDNA and were the combined result of left and right sides. The lower limit of quantification (LLoQ) was equal to 13 copies/5 ng of hDNA. Positive results below the LLoQ were censored with a value equal to 10 copies/5 ng hDNA [16,38].



Statistical Analysis


According to data distribution, verified by the Kolmogorov–Smirnov test, the comparison of viral loads and rod-shaped microglial cells between fetuses with different brain damage was performed using Student’s t test. Statistical analyses were conducted using GraphPad Prism version 8.0.1 (GraphPad Software, Inc., San Diego, CA, USA) and a p value < 0.05 was considered statistically significant.
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