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The Atlantic Cod MHC |
compartment has the properties

needed for cross-presentation in
the absence of MHC I

Synne Arstad Bjernestad®, Monica Hongre Solbakken'?, Pia Krokene?, Bernd Thiede?,
Ketil Hylland?, Kjetill S. Jakobsen?, Sissel Jentoft!, Oddmund Bakke! & Cinzia Progida™*

Atlantic cod has a peculiarimmune system, characterized by the loss of Major Histocompatibility
Complex (MHC) class Il pathway, and an extreme expansion of the MHC class | gene repertoire. This has
led to the hypothesis that some of the MHC | variants have replaced MHC Il by presenting exogenous-
peptides in a process similar to cross-presentation. In mammals, MHC | loads endogenous antigens

in the endoplasmic reticulum, but we recently found that different Atlantic cod MHC | gene variants
traffic to endolysosomes. There, they colocalize with Tapasin and other components of the peptide-
loading complex, indicating a plausible peptide-loading system outside the endoplasmic reticulum.

In this study, we further characterize the identity of the Atlantic cod MHC | compartment (cMIC). We
found that, similarly to mammalian MHC Il compartment, cMIC contains late endosomal markers such
as Rab7, LAMP1 and CD63. Furthermore, we identified Hsp90b1 (also known as grp94) and LRP1 (also
known as CD91) as interactors of MHC | by mass spectrometry. As these two proteins are involved

in cross-presentation in mammals, this further suggests that Atlantic cod MHC | might use a similar
mechanism to present exogenous peptides, thus, compensating for the absence of MHC II.

Major histocompatibility complex (MHC) class I and II play a critical role in the adaptive immune system of
jawed vertebrates including teleosts>. MHC I and II share the function of presenting small peptide fragments
at the cell surface to CD8" or CD4* T-cells, respectively®. While both complexes present peptide fragments,
the intracellular traffic of the complexes and thus the origin of the peptide fragments they bind to are different.
MHC I binds in the endoplasmic reticulum (ER) peptide fragments that originate from inside the cell, called
endogenous peptides. The complex is then transported to the plasma membrane through the secretory pathway®.
MHC II on the other hand binds peptide fragments originating from the outside of the cell, called exogenous
peptides. This occurs in specialized late endosomal compartments named MHC II compartment (MIIC)®. MHC
IT is unable to bind peptides in the ER because it associates with the chaperon invariant chain (Ii), which targets
MHC 1I to late endosomes. Here, Ii is degraded and MHC II can bind exogenous peptides. Once MHC II-
peptide complexes are formed, they are transported to the plasma membrane®. A link between the two pathways
exists as MHC I can traffic to endosomal compartments where it binds exogenous peptides. This process is
known as cross-presentation and involves either the cytosolic or vacuolar pathway*. While the cytosolic pathway
depends on translocation of antigens from the endosomal lumen to the cytosol for proteasomal degradation and
then back to the endosomal lumen for MHC I loading, the vacuolar pathway depends on antigen degradation
within the endosomal lumen by endosomal proteases®. Interestingly, while exogenous antigen loading of MHC
II is facilitated by low acidity and high proteolytic activity of MIICs, MHC I cross-presentation is primarily
associated with loading in endosomes with neutral luminal pH and reduced proteolytic activity>°. Indeed, cross-
presentation in mammals is primarily performed by dendritic cells due to adaptation of their endosomal system
with reduced endosomal acidification and decreased proteolytic capacity’.

MHC I and II emerged in jawed vertebrates around 500 million years ago®. Until recently, it was believed that
the MHC I and II pathways were conserved features of the vertebrate immune system, due to their importance
in proper T-cell response. However, several reports have demonstrated that there exist some teleost species or
even lineages where entire (or parts of the) MHC II pathway is functionally lost’-'%. One striking example is
the Atlantic cod (Gadus morhua) that lacks MHC II genes, including the MHC II-interacting molecule CD4,
necessary for T cell activation, and Ii®. These findings have later been confirmed with improved Atlantic cod
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genome assemblies!®, genome sequencing of Atlantic haddock'®, as well as large scale teleost genome assemblies
demonstrating that the loss of the MHC II pathway occurred around 80-100 Mya at the very base of the
Gadiformes radiation'.

While Atlantic cod lack the MHC II pathway, it is characterized by an expanded MHC I gene repertoire with
80-100 predicted gene copies®!“. Little is known on the function of this genetic expansion. One hypothesis
is that parts of the expanded MHC I repertoire function more like MHC class II by entering late endosomal
compartments for binding exogenous peptides. In line with this hypothesis, we have recently demonstrated that
five Atlantic cod MHC class I gene variants, representing the most common MHC I cytosolic tail configurations
in the MHC 1 gene repertoire, localize to endolysosomes in the Atlantic cod larval (ACL) cell line'’. This is
intriguing as in mammals MHC class I mainly locates to the plasma membrane, while MHC class II locates to
specialized endolysosomes or MIIC®. The localization of Atlantic cod MHC I to endolysosomes suggests that it
can perform cross-presentation, which is further supported by the presence of peptide loading complex (PLC)
components such as Tapasin, and the Transporter associated with antigen processing 1 and 2 (TAP1/2) on the
MHC I positive compartment'”.

The MIIC in mammals is a specialized organelle of the endocytic pathway found in antigen presenting cells
where MHC class II binds exogenous antigens™!®. It is characterized by acidic pH, the presence of proteases
like cathepsins S and L, and it is positive for the late endosomal markers LAMP1 and CD63'-23. Based on our
previous findings!”, we hypothesized that Atlantic cod MHC I compartment (cMIC) is similar to the MIIC in
mammals. Here, we further characterized the identity of cMIC in Atlantic cod larval (ACL) cell line and validate
our findings in primary hepatocytes and leukocytes isolated from wild-caught Atlantic cod. We found that,
similarly to mammalian MIIC, cMIC is an organelle positive for late endosomal markers such as Rab7, LAMP1
and CD63!'%2024, Furthermore, we identified Hsp90b1 (also known as grp94) and LRP1 (also known as CD91)
as interactors of MHC I by mass spectrometry analysis. As these two proteins are involved in cross-presentation
in mammals®>?, our findings further suggest that Atlantic cod MHC I might use a similar mechanism to present
exogenous peptides thus compensating for the absence of MHC II.

Results

The Atlantic Cod MHC | compartment is a late endosomal compartment

We have previously demonstrated that five Atlantic cod MHC I variants, differently from mammalian MHC I,
all localize to acidic compartments!’. To further characterize the identity of the Atlantic cod MHC I- positive
compartment (cMIC), we selected one of these MHC I variants and expressed it together with a panel of
early-, recycling-, late endosomal and lysosomal markers in the epithelial-like Atlantic cod larval (ACL) cell
line?””. From super-resolution microscopy analysis, MHC I-GFP showed higher degree of co-localization
with late endosomal and lysosomal markers such as BFPRab7A, RFP-Rab9, mCherry-LIMP2, LAMP1-GFP
and CD63-GFP (Manders’ coefficients > 0.75, Fig. 1A, C; Suppl. Figure 1A-D), than with the early endosomal
marker mCherry-Rab5 (Manders’ coefficient 0.4, Fig. 1A, C), or the recycling marker mApple-Rab11 (Manders’
coefficient 0.2, Fig. 1B, C). Co-localization analysis with additional early or recycling molecular markers such as
GFP-Rab14, GFP-Rab22, HRS-YFP and RFP-SNXI, further confirmed a low degree of colocalization between
MHC I-GFP and these compartments (Manders’ coefficients < 0.25, Fig. 1C; Suppl. Figure 2 A-D).

To strengthen our finding that Atlantic cod MHC I indeed localizes to late endosomes, we verified this in
primary cells derived from wild-caught Atlantic cod. We used primary hepatocytes, as these cells have been
successfully transfected in other marine fish species®®, and leukocytes from Atlantic cod, to investigate if MHC
I localization could be different in immune-derived cells. RNA profiles from different Atlantic cod tissues
confirm ubiquitous MHC I expression (Suppl. Figure 3) similar to mammalian MHC 1?°. Primary cells were
transfected with MHC IGFP and labelled with lysotracker red, a fluorescent dye that accumulates in acidic
compartments. The results show that MHC I-GFP colocalizes with lysotracker red in both hepatocytes and
leukocytes (Fig. 2A,B,E-G) which is in line with the findings in ACL cells'”.

We then co-transfected primary cells with MHC IGFP and mApple-Rab7A and analysed the colocalization
between the two proteins. The results show that MHC I is present on Rab7A-positive endosomes in primary
hepatocytes (Fig. 2C-E) and leukocytes (Fig. 2H-I), thus validating the cMIC as a late endosomal/lysosomal
compartment in primary cells derived from cod. Interestingly, small intralumenal MHC I vesicles were observed
inside large mApple-Rab7A positive endosomes in primary leukocytes (Fig. 2H, J-K), indicating that MHC I
locates to multivesicular bodies (MVBs), similarly to MHC II in mammals®®3!.

Francisella noatunensis ssp. noatunensis escapes cMIC

To understand if internalized pathogens enter the cMIC, and if Atlantic cod MHC I relocates upon infection
as known for mammalian MHC I in cross-presentation®?, we infected ACL cells with Francisella noatunensis
subsp. noatunensis (Fnn), the causative agent of francisellosis in Atlantic cod®®. Fnn is a facultative intracellular
bacterium, which similarly to the human pathogen Francisella tularensis*, seems to be able to escape the
endosomal pathway to avoid lysosomal degradation®>. ACL cells co-transfected with MHC I-GFP and BFP-
Rab7A were infected with Fnn expressing mCherry for 6 h and analysed by super-resolution microscopy.
The results show that internalized Fnn mCherry is present in MHC I-GFP and BFP-Rab7A-positive cMICs
(Fig. 3A,B). Colocalization analysis between MHC I-GFP and BFP-Rab7A in Fnn infected cells indicates a small
but not significant reduction compared to non-infected cells (Fig. 3C) suggesting that Atlantic cod MHC I does
not relocate upon bacterial infection. However, 3D super-resolution microscopy shows that Fun escapes MHC
I-GFP and BFP-Rab7A-positive compartments, revealing that cMIC is an endosomal compartment that Fnn is
able to escape (Fig. 3A).
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Fig. 1. Atlantic cod MHC I colocalizes more with late endosomal and lysosomal markers than early and
recycling endosomal markers in ACL cells. (A) Representative image of an ACL cell transiently co-transfected
with MHC I-GFP, mCherry-Rab5 and BFP-Rab7A. Cells were imaged using a Zeiss LSM880 Fast AiryScan
microscope. Scale bar: 10 um. Magnifications of boxed areas 1 and 2 are shown below. (B) Representative
image of an ACL cell transiently co-transfected with MHC I-GFP and mApple-Rabl11. Cells were imaged using
a Zeiss LSM880 Fast AiryScan microscope. Scale bar: 10 um. Magnifications of boxed areas 1 and 2 are shown
below. (C) The graph represents colocalization analysis between Atlantic cod MHC I-GFP and the indicated
endosomal and lysosomal markers. Colocalization was analysed by calculating Manders’ coefficient in Image].
Scatter plot shows the mean + SEM from three independent experiments, colour coded for each experimental
repeat. Dots represent individual measurements and are colour coded according to experimental repeat. n> 32
cells.
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Atlantic Cod MHC | does not traffic to cMICs via the plasma membrane

After determining that the cMIC is a late endosomal compartment, we wanted to investigate how MHC I
reaches this compartment. While human MHC I is predominantly found at the plasma membrane, its location
is not static!”?*%. MHC I is constantly internalized by different endocytic pathways, including both clathrin-
dependent and -independent pathways, for destruction or recycling®”-*%. In mammals, the origin of MHC I in
cross-presentation is a matter of debate®®, but MHC I can enter the endolysosomes either by uptake from the cell
surface through endocytosis*’, or be actively transported by binding Ii in the ER6:41.

To understand if Atlantic cod MHC I is transported to cMICs via the plasma membrane, we inhibited
endocytosis by using Dynasore, a drug that prevents the activity of Dynamin*?*3. Dynamin is important for
membrane tubulation and fission of budding vesicles, and is essential for clathrin-mediated endocytosis, but also
for caveolae-mediated endocytosis, a type of clathrin-independent pathway*4*°. First, we tested the drug in ACL
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«Fig. 2. Atlantic cod MHC Ilocalizes to late endosomes/lysosomes in primary hepatocytes and leukocytes. (A)
Representative image of an Atlantic cod primary hepatocyte transiently transfected with Atlantic cod MHC
I-GFP. Cells were stained using lysotracker red and imaged using an Olympus SpinSR SoRA microscope.
Scale bar: 10 um. Magnification of boxed area is shown as inset. The yellow lines illustrate regions selected
for fluorescence intensity profile analysis. (B) The graph shows the normalized fluorescence intensity profiles
relative to MHC I-GFP and lysotracker represented as mean + SEM (n =90 vesicles from 17 cells from three
fish specimens). (C) Representative image of Atlantic cod primary hepatocyte transiently co-transfected
with MHC I-GFP and mApple-Rab7A. Cells were imaged using an Olympus SpinSR SoRA microscope.

Scale bar: 10 um. Magnification of boxed area is shown as inset. The yellow lines illustrate regions selected
for fluorescence intensity profile analysis. (D) The graph shows the normalized fluorescence intensity

profiles relative to MHC I-GFP and mApple-Rab7A represented as mean + SEM (n= 158 vesicles from 24
cells from two fish specimens). (E) The graph represents colocalization analysis between Atlantic cod MHC
I-GFP and lysotracker or mApple-Rab7A. Colocalization was analysed by calculating Manders’ coefficient

in Image]. Scatter plot shows the mean + SEM from # > 18 cells (from at least two fish, colour coded for

each experimental repeat). Dots represent individual measurements and are colour coded according to
experimental repeat. (F) Representative image of an Atlantic cod primary leukocyte transiently transfected
with MHC I-GFP and stained using lysotracker red. Cells were imaged using an Olympus SpinSR SoRA
microscope. Scale bar: 10 um. Magnification of boxed area is shown as inset. The yellow lines illustrate regions
selected for fluorescence intensity profile analysis. (G) The graph shows the normalized fluorescence intensity
profiles relative to MHC IGFP and lysotracker represented as mean (n=79 vesicles from 8 cells from one
fish). (H) Representative image of an Atlantic cod primary leukocyte transiently co-transfected with MHC
IGFP and mApple-Rab7A. Cells were imaged using an Olympus SpinSR SoRA microscope. Scale bar: 10 um.
Magnification of boxed area is shown as inset. The yellow lines illustrate regions selected for fluorescence
intensity profile analysis. The purple asterisk indicates a large Rab7A positive vesicle, with three intralumenal
MHC I-positive vesicles. (I) The graph shows the normalized fluorescence intensity profiles relative to MHC
IGFP and mApple-Rab7A represented as mean (n=99 vesicles from 20 cells from one fish). (J) Imaris
isosurface 3D rendering of the large mApple-Rab7A-positive vesicle containing MHC I-GFP intracellular
vesicles from the image in (H) (marked with the purple asterisk). The yellow line illustrates the region used to
generate the fluorescence intensity plot shown at the right. (K) The graph shows the normalized fluorescence
intensity profile relative to MHC IGFP and mApple-Rab7A from the vesicle in (J).

cells by analysing the uptake of epidermal-growth-factor (EGF)-Alexa555. In untreated cells, EGF-Alexa555
was successfully internalized in lysotracker-positive compartments, while the uptake of EGF- Alexa555 was
prevented in ACL cells treated with Dynasore, resulting in accumulation of EGF- Alexa555 at the cell surface
(Fig. 4A). Having validated that Dynasore prevents endocytosis in ACL cells, we then investigated whether it
affects MHC I localization in ACL cells transfected with MHC I-GFP. The results show no accumulation of MHC
IGFP at the plasma membrane in Dynasore-treated cells compared to untreated cells (Fig. 4B), indicating that
Atlantic cod MHC I is not transported to late cMICs via dynamin-dependent endocytosis.

We also investigated if MHC I could be internalized by a dynamin-independent pathway such as by
macropinocytosis*® using 5-N-ethyl-N-isopropyl amiloride (EIPA), a drug that inhibits macropinocytosis*”4.
We validated EIPA blockage in ACL cells by analysing uptake of 70 kDa dextran-TexasRed. In untreated cells,
dextran was internalized in lysotracker-positive compartments, while its uptake was prevented in EIPA-treated
cells, resulting in accumulation at the cell surface (Fig. 4C, D). As EIPA prevents macropinocytosis in ACL cells,
we then examined its effects on MHC I localization in ACL cells transfected with MHC I-GFP. Even though we
did observe a reduction in overlap between MHC I-GFP and lysotracker in EIPA treated cells (Fig. 4D), possibly
as consequence of the known secondary effects of EIPA on endolysosomal pH and trafficking**?, the results
show no accumulation of MHC I-GFP at the plasma membrane in EIPA-treated cells compared to untreated
cells (Fig. 4C).

Altogether, these results indicate that Atlantic cod MHC I does not traffic to cMICs via the plasma membrane
by dynamin-dependent endocytosis nor by macropinocytosis.

LRP1 is a novel Atlantic cod MHC | interactor that localizes to cMIC

To further characterize the composition of the cMIC, we immunoprecipitated MHC I from ACL cells transfected
with MHC I-GFP using GFP-Trap beads. GFP transfected cells were used as control and the immunoprecipitated
samples were analysed by mass spectrometry. Among the proteins that have high spectral counts with MHC
I-GFP and none with GFP alone are Atlantic cod orthologs of known mammalian MHC I interactors, such as
Transporter associated with antigen processing 1 (Tapl), TAP binding protein like (TAPBPL/Tapasin-related
protein) and calnexin (CANX) (Fig. 5A, Suppl. Figure 5A). These are all components of the peptide loading
complex (PLC) necessary for proper MHC I assembly and peptide-loading®’. In addition to known MHC I
interactors, several proteins whose mammalian orthologs are trafficking proteins (Rab6A, Rab5C, Rab18, Rab15,
Rabl13, KNT1, EHD4, DNM2, CDC42) and adaptors (AP-1, AP-2, AP-3) were detected. Cathepsin F (CTSF),
a late endosomal/lysosomal enzyme was also identified, which is interesting due to its role in proper peptide
loading of MHC class 1I in humans®>->%. Amongst other interesting and novel interactors, the LDL-receptor
related protein 1 (LRP1, also known as CD91), Heat shock protein 90 bl (Hps90bl also known as grp94/
gp96/endoplasmin) and CMTM6, were identified. While the first two are reported to have a function in cross
presentation®>?, the latter is a transmembrane protein® that works in recycling of receptors to prevent their
lysosomal degradation®". To validate the interactors identified by mass spectrometry, western blot analysis was
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Fig. 3. Francisella noatunensis ssp. noatunensis localizes to and escapes cMIC. (A) Representative images

of ACL cells transiently co-transfected with MHC I-GFP and BFP-Rab7A before and after infection with
Francisella noatunensis ssp. noatunensis (Fnn) stable expressing mCherry. Cells were imaged using a Zeiss
LSM880 Fast AiryScan microscope. Scale bar: 10 um. Imaris isosurface 3D rendering is shown for the infected
cell (right) including magnifications of the insets. Insect 1 illustrates an intact and non-infected endosome.
Insect 2 shows Fnn-containing endosomes that are opened (as visible from the top view), with the internalized
bacteria (in blue) protruding from these endosomes (as visible from the side view), thus escaping from the
infected endosomes. Scale bar: 10 pm. (B) Magnification of the boxed area from (A). Scale bar: 1 um. The
graphs show the normalized fluorescence intensity profiles along the two yellow lines (plot 1 and 2) for Fnn-
mCherry, MHC I-GFP and BFP-Rab7A. (C) The graph represents colocalization analysis between MHC I-GFP
and BFP-Rab7A in control or Fnn-mCherry infected ACL cells. Colocalization was analysed by calculating
Manders’ coeflicient in Image]. Scatter plot shows the mean + SEM from three independent experiments,
colour coded for each experimental repeat (1> 29 cells). Dots represent individual measurements and are
colour coded according to experimental repeat.

Scientific Reports |

(2024) 14:25404

| https://doi.org/10.1038/s41598-024-76225-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

EGF 555 Lysotracker Merged B MHC I-GFP

Untreated
Untreated

80 uM Dynasore
80 uM Dynasore

=

Q

k]

<

L

2

=1

=

-]

£

m

=

=1

(o]

S

D ns ns
5 109 .
3 ° Z‘gﬁ o
S~
Eg o8] J 4
2.2 o 9
28 ° S S
£% 064 ¢ w0 %
] ° 8
3 go0°
%5 o A B
Sg 044 4 % L
£ .38 o o3
8 g o ° %,
) 893,
= ° 8o800
s 02 7 o 8o
<P S 8 H
°
o 004

Control EIPA Control EIPA
Dextran MHC I

Fig. 4. Atlantic cod MHC I does not accumulate at the plasma membrane when endocytosis is blocked. (A)
Representative image of ACL cells untreated or treated with 80 uM Dynasore and incubated with 200 ng/

ml EGF-Alexa555. Cells were stained using lysotracker green and imaged using an Olympus SpinSR SoRA
microscope. Scale bar: 10 um. (B) Representative images of ACL cells transiently transfected with Atlantic
cod MHC I-GFP, untreated or treated with 80 pM Dynasore. Cells were imaged using a Zeiss LSM880 Fast
AiryScan microscope. Scale bar: 10 um. (C) Representative image of ACL cells transiently transfected with
Atlantic cod MHC IGFP, untreated or treated with 100 pM EIPA and incubated with 0.1 mg/ml 70 kDa
Dextran-TexasRed. Cells were stained using lysotracker blue and imaged using a Zeiss LSM880 Fast AiryScan
microscope. Scale bar: 10 pm. (D) The graph represents colocalization analysis between lysotracker blue

and Dextran-TexasRed or MHC I-GFP in untreated or EIPA treated cells. Colocalization was analysed by
calculating Manders’ coefficient in Image]. Scatter plot shows the mean + SEM from three independent
experiments, colour coded for each experimental repeat. Dots represent individual measurements and are
colour coded according to experimental repeat. n> 48 cells.
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conducted on immunoprecipitated samples. Due to the lack of available antibodies recognizing Atlantic cod
proteins, we were only able to confirm the interaction with LRP1 (Fig. 5B).

We next investigated whether MHC I and LRP1 colocalize to cMICs in ACL cells by immunofluorescence
staining. ACL cells co-transfected with MHC I-GFP and BFP-Rab7A were fixed and immunostained with
an antibody against LRP1. The results show that LRP1 is present on cMICs together with MHC I and Rab7A
(Fig. 5C-D). Moreover, ACL cells transfected with GFP-Rab5A and immunostained with LRP1 reveal that
LRP1 locates to early endosomes (Fig. 5E), thus suggesting that LRP1 follows the endosomal pathway where it
eventually colocalizes with MHC I. Immunofluorescence analysis was also performed on Atlantic cod primary
hepatocytes and leukocytes transfected with MHC I-GFP. This further confirmed colocalization between MHC
I-GFP and LRP1I, but also revealed that MHC I and LRPI1 can be present on distinct compartments that are
closely interacting (Fig. 6A-D, Suppl. Figure 5B). As LRP1 is also present on early endosomes (Fig. 6E), the close
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«Fig. 5. (A) Spectral counts of MHC I interactors obtained from ACL cells transiently transfected with MHC
I -GFP and subjected to immunoprecipitation. The circles are proportional to the numbers of spectral counts.
Values are from three independent experiments. Interactors in the list were only found in the cells transfected
with MHC I-GFP, not in the control cells transfected with GFP and present in at least two of the three
experimental repeats. Interactors are grouped into five different categories (Adaptor, Lysosomal, Peptide-
loading, Trafficking, Other) and colour coded accordingly. For full list of values see Suppl. Table 1. (B) ACL
cells were transiently transfected with either GFP or MHC I-GFP, lysed and subjected to immunoprecipitation
with GFP magnetic agarose beads. Whole cell lysate (WCL) and immunoprecipitates (IP) were subjected to
Western blot analysis using the indicated antibodies. Original full-size blots are presented in Supplementary
Fig. 6. (C) Representative image of an ACL cell transiently co-transfected with MHC I-GFP and BFP-Rab7A,
fixed and stained with antibody against LRP1. Cells were imaged using a Zeiss LSM880 Fast AiryScan
microscope. Scale bar: 5 um. Magnification of boxed areas is shown below. The yellow lines in the magnified
images illustrate regions selected for fluorescence intensity profile analysis. (D) The graph shows the
normalized fluorescence intensity profiles relative to MHC I-GFP and LRP1 along the yellow lines as illustrated
in the magnified images in (C), represented as mean + SEM from three independent experiments. n = 41
vesicles from 14 cells. (E) Representative image of ACL cells transiently transfected with GFP-Rab5A, fixed,
and stained with antibody against LRP1. Cells were imaged using a Zeiss LSM880 Fast AiryScan microscope.
Scale bar: 10 um. Magnification of boxed area is shown below.

association between LRP1 and MHC I-positive endosomes may perhaps indicate transient fusion for exchange

of antigens. Thus LRP1 is either present on cMICs or on compartments that are in close contact with the cMIC.
In summary, our results show that Atlantic cod MHC I'localizes to a late endosomal compartment similar to

mammalian MIIC and further suggest that cMIC could be a site for antigen loading in a similar manner.

Discussion

Along with the discovery of the MHC II-loss and the extreme expansion of MHCI gene copies, it was suggested that
some Atlantic cod MHC I molecules may localize to endolysosomes replacing the MHC II pathway by presenting
exogenous-peptides via cross-presentation®®. This scenario would represent an evolutionary compensation for
the absence of MHC II. Until now, there were no experimental evidence of such cross-presentation occurring
in cod. In a recent study, however, we demonstrated that different Atlantic cod MHC I variants indeed localize
to endolysosomes positive for Tapasin and Tap'” which may be needed for exogenous peptide-loading of MHC
I. To investigate this hypothesis further, we have here expanded our research characterizing this organelle, to
determine if Atlantic cod MHC I positive compartment (cMIC) has the properties needed for proper peptide-
loading.

From colocalization analysis using known endosomal markers, we found that cMICs in ACL cells are enriched
with late endosomal markers such as Rab7A, Rab9, LIMP2, LAMP1 and CD63 rather than early and recycling
markers such as Rab5, Rabl1, Rab14, Rab22, HRS and SNXI1 (Fig. 1, Suppl. Figures 1-2). Similar results were
obtained in primary hepatocytes and leukocytes, where MHC I shows high degree of overlap with lysotracker
and Rab7A (Fig. 2), confirming that cMIC is a late endosomal compartment. This is intriguing as in humans
MHC 1 is primarily located to the cell-surface!”*, while MHC II resides on specialized late endosomes named
MHC II compartments (MIICs). Most notably, in this work we reveal that cMICs have similarities with MIICs.
Indeed, both compartments are characterized by acidic pH, the presence of proteases like cathepsins, and are
positive for the late endosomal markers LAMP1 and CD63 (Figs. 1, 2 and 5, Suppl. Figure 1)>13-24 Moreover, we
detected MHC I in intraluminal vesicles inside large Rab7A-positive endosomes in primary leukocytes (Fig. 2H,
]). Again, this is similar to what has been described for mammalian MHC II, which localizes to intraluminal
vesicles of multivesicular bodies. MHC II then fuses with the limiting membrane of MVBs for interaction with
the peptide-loading machinery for binding of exogenous peptides®-%. Hence, Atlantic cod MHC I might behave
more like human MHC II, and its location to late acidic endosomes could allow for binding of exogenous peptide
antigens. In line with this, we previously identified that Tapasin and other components of the peptide-loading
complex (PLC) localize to the cMICY’.

Here, we provided an additional indication that peptide-loading may occur in this compartment, by
identifying LRP1 (also known as CD91) and Hsp90bl (also known as Grp94) as interactors of MHC I in
Atlantic cod (Fig. 5A-B). These proteins are known to work in cross-presentation in humans, where Hsp90b1
binds exogenous peptides from the cell-surface®, and the cell-surface receptor LRP1 binds and internalize the
Hsp90b1-peptide complex. Once internalized, LRP1 and Hsp90b1 co-localize with MHC I on endosomes where
exogenous peptides can be cross-presented®. Therefore, the interaction between MHC I, Hsp90b1 and LRP1 in
Atlantic cod, and the localization of LRP1 to cMICs (Figs. 5 and 6) further suggest that cMIC is a site for peptide
cross-presentation. As our data suggest that Atlantic cod MHC I does not enter the endosomes from the plasma
membrane (Fig. 4), but it still able to meet LRP1 in the cMIC, it is tempting to speculate that MHC I could be
transported to the endolysosomes directly from the trans-Golgi network like MHC II in mammals.

Interestingly, we also identified the lysosomal protease cathepsin F (CATF) as an interactor of Atlantic cod
MHCI (Fig. 5A). CATF is part of the cathepsin family, whose members comprise the most abundant proteases in
the endolysosomal system®’. Cathepsins participate in many proteolytic events, contributing to protein turnover,
but also to antigen production and proper MHC II loading®”%%. The activity of cathepsins are tightly regulated,
and low pH is required for both their activation and their ability to bind substrate®’. Interestingly, CATF has
been shown to be involved in degradation of the Ii for proper peptide loading of MHC 11°%°*. Thus, the fact that
in Atlantic cod MHC I co-immunoprecipitates with CATF not only indicates that the cMIC is a late endosomal/
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lysosomal compartment, but opens up for the possibility that CATF could aid in the generation of exogenous
peptide fragments for MHC I loading.

During cross-presentation in mammalian cells, MHC I relocates from recycling endosomes to bacteria-
containing phagosomes®>®. We did not detect any significant relocation of MHC I in Atlantic cod upon
infection with the facultative intracellular bacterium Francisella noatunensis subsp. noatunensis (Fnn). However,
we proved that Fnn reaches and escapes cMICs (Fig. 3), in line with existing literature reporting that Fnn escapes
degradation by exiting endosomes, similarly to the human pathogen Francisella tularensis*»3°. This indicates that
MHC I is together with endocytosed material, further supporting the hypothesis of cross-presentation. Indeed,
the fact that phagocytosed bacteria are present in MHC I-positive compartments in Atlantic cod suggests a
similar response as in humans during cross-presentation3>¢°-71,
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«Fig. 6. Atlantic cod MHC I co-localize with LRP1 in Atlantic cod hepatocytes and leukocytes. (A)
Representative image of an Atlantic cod primary hepatocyte transiently transfected with MHC IGFP, fixed, and
stained with antibody against LRP1. Cells were imaged using a Zeiss LSM880 Fast AiryScan microscope. Scale
bar: 10 um. Magnification of boxed areas are shown below. The yellow lines in the magnified images illustrate
regions selected for fluorescence intensity profile analysis. (B) The graph shows the normalized fluorescence
intensity profiles relative to MHC IGFP and LRP1 represented as mean +SEM (1 =164 vesicles from 21
cells from three fish specimens). (C) Representative image of an Atlantic cod primary leukocyte transiently
transfected with MHC IGFP, fixed, and stained with antibody against LRP1. Cells were imaged using a Zeiss
LSM880 Fast AiryScan microscope. Scale bar: 5 um. Magnification of boxed areas are shown below. The
yellow lines in the magnified images illustrate regions selected for fluorescence intensity profile analysis.
Imaris isosurface 3D rendering of the boxed areas are shown to the right. (D) The graph shows the normalized
fluorescence intensity profiles relative to MHC I-GFP and LRP1 represented as mean (n =81 vesicles from
11 cells from one fish). (E) Representative image of Atlantic cod primary leukocytes transiently transfected
with GFP-Rab5, fixed, and stained with antibody against LRP1. Cells were imaged using a Zeiss LSM880 Fast
AiryScan microscope. Scale bar: 5 um. Magnification of the boxed area is shown below. Imaris isosurface 3D
rendering of the boxed area is shown to the right.

How does MHC I traffic to the cMIC? In mammalian cross-presentation, MHC I can enter late endosomes
either from the cell-surface by endocytosis®’, or by transport from the endoplasmic reticulum through
the association with Ii*!. As Atlantic cod lacks Ii, we investigated if MHC I is delivered to cMICs following
internalization from the cell surface. The results show no accumulation of MHC I at the cell surface in either
Dynasore or EIPA treated cells (Fig. 4), indicating that Atlantic cod MHC I does not traffic to the cMIC from
the plasma membrane by dynamin-dependent mechanisms, nor by macropinocytosis. We cannot exclude that
an alternative endocytic mechanism is used by Atlantic cod to internalize MHC I from the plasma membrane,
as additional endocytic mechanisms have been reported to occur in mammals®”*#72. On the other hand, MHC
I transport to the cMIC could follow a direct rather than a recycling route, such as for the non-canonical cross-
presentation pathway®®7>. In this pathway, MHC I traffics directly from the ER-Golgi intermediate compartment
(ERGIC) to the late endosomal/phagosomal compartments®®”>. However, our recent results showing that the
introduction of mutations or deletions in the cytoplasmic tail of Atlantic cod MHC I does not alter MHC I
localization to endolysosomes, indicate that MHC I transport to endolysosomes is independent of sorting
signals'”. Therefore, it is likely that Atlantic cod MHC I transport to the endosomal pathway depend on an
unknown chaperone.

In sum, our findings demonstrate that cMIC is alate endosomal compartment with many similar characteristics
as the mammalian MIIC. Atlantic cod is not a model organism and therefore there are no available tools to assess
antigen presentation ability. However, our data suggest the possibility of exogenous antigen-binding for Atlantic
cod MHC I as a compensatory or evolutionary alternative mechanism in the absence of MHC II and associated
molecules.

Materials and methods

Cell culture

ACL cells*” were grown in IMDM (Gibco) supplemented with 10% FCS (BioWest), 2% Hepes buffer solution
(Gibco), 1% L-glutamine (Gibco), 1% Non-Essential Amino Acids solution (Gibco) and 0.1% penicillin and
streptomycin (Gibco). Cells were maintained in a 4.5% CO, atmosphere at 15 °C.

Sampling of fish

Atlantic cod were collected at 95-100 m depth in the inner Oslofjord (N 59° 48.729, E 010° 32.952) using demersal
trawl. Immediately following retrieval, cod were terminated by an acute blow to the head. Individuals were
then weighed and the length measured before blood was withdrawn and hepatocytes and leukocytes isolated as
described below. Samples were taken post-mortem and no scientific experiments have been performed on live
animals. Personnel involved had ethical certification.

Isolation of hepatocytes and leukocytes from Atlantic Cod

Hepatocytes were isolated from Atlantic cod immediately after termination by two-step perfusion as described
before”. Shortly, fish were opened from the ventral side. A cannula was introduced in the largest and most
available hepatic vein and the vena cava was cut, allowing perfusion of at least one lobe. Isolation of hepatocytes
was done using perfusion buffer (NaCl 122 mM, KCl 4.8 mM, MgSO, 1.2 mM, Na,HPO, 11 mM, NaH,PO,
3.8 mM and NaHCO, 3.7 mM adjusted to pH 7.5) supplemented with different reagents. The first round of
perfusion was done using perfusion buffer supplemented with ethylene glycol tetra acetic acid (EGTA, 26 uM).
Perfusion was done for approximately 10-15 min (10 ml/min, adjusted with a speed regulator on the perfusion
tube) until all blood was replaced with buffer. The liver was then perfused a second time for 10-15 min (10 ml/
min) with perfusion buffer supplemented with 0.3 g/l collagenase type IV (Sigma Aldrich) and 2 mM CaCl,
preheated to 37 °C to obtain maximal collagenase activity. After this, the perfused part of the liver was removed
and suspended in ice-cold perfusion buffer supplemented with bovine serum albumin (BSA, 15 mM, Sigma
Aldrich). The small liver-pieces were filtered through a 200 pum cell strainer, followed by a second filtration
through a 100 um cell strainer (pluriStrainer’, from Pluri Select). The cell suspension was then centrifuged three
times at 50 X g. After the first centrifugation, the pellet was resuspended in ice-cold perfusion buffer containing
BSA, and after the second centrifugation, the pellet was resuspended in Dulbecco’s Modified Eagle Medium
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(DMEM; Lonza, BioWhittaker) containing 5% fetal calf serum (FCS, BioWest ), 2 mM Lglutamine (Gibco),
100 U/mL penicillin (Gibco), 100 pg/ml streptomycin (Gibco), 0.25 pug/ml Amphotericin B (Sigma Aldrich).
After the last centrifugation, the pellet was resuspended in DMEM also containing 0.01 M Hepes (Gibco).
Resuspended cells were transferred to T25 culture flasks (VWR") and kept temporarily at 4 °C until arriving back
at the lab where they were maintained at 4. % CO, atmosphere at 10 °C. Hepatocyte viability and cell density was
determined using trypan blue (Sigma Aldrich) and a BiirkerTiirk counting chamber. Samples with at least 70%
viable hepatocytes were used for transfection. Hepatocytes were transfected the same day as isolation.

Leukocytes were isolated from Atlantic cod blood and head-kidney immediately after termination as
previously described””. Briefly, peripheral blood (1-2 ml) was extracted from the caudal vein using a heparinized
syringe (cannula 0.6 mm). The extracted blood was diluted 1:1.5 using cell culture medium (CCM) (Leibovitz
L-15 (Sigma Aldrich) supplemented with 5% FCS (BioWest), 36 mM NaCl (380 mOsm), 10 U/ml Heparin
(Panpharma Nordic AS), 0.29 mg/ml Lglutamine (Lonza), 100 U/ml Penicillin (Gibco), 100 pug/ml Streptomycin
(Gibco), 0.25 ug/ml Amphotericin B (Sigma Aldrich) and 0.01 M Hepes (Gibco)) and stored on ice. Head-
kidney were extracted from Atlantic cod and filtered through a 100 pm cell strainer (pluriStrainer’, from Pluri
Select) using 1 ml ice cold CCM. The strainer was flushed with additional 4 ml of CCM. Leukocytes were isolated
from the peripheral blood and head-kidney cell suspension by centrifugation on a discontinuous two-layered
Percoll gradient (Cytiva) prepared in a 15 ml falcon tube with 2.5 ml 1.070 g/l bottom layer and a 2.0 ml 1.050 g/1
top layer. Centrifugation was done using a swing-out rotor at 400 X g and 10 °C for 40 min. Leukocytes were
collected from the interface between the 1.070 and 1.050 g/ layer and diluted 2x in CCM. Cells were centrifuged
at 400 X g and 10 °C for 10 min and the pellet resuspended in 5 ml ice cold CCM. Isolated leukocytes were
transferred to T25 culture flasks (VWR’) and kept temporarily at 4 °C until arriving back at the lab where they
were maintained at 4.5% CO, atmosphere at 10 °C. Leukocytes were kept overnight to properly adhere, and only
adherent cells were used for downstream transfection.

Constructs

PEGFP-N3 and mCherry-pcDNA3.1-C-HA constructs containing Atlantic cod MHC I variant 1 have been
described before!”. The rest of the constructs used in this study are of mammalian origin. Before expressing
the mammalian constructs in cells derived from Atlantic cod, alignment analysis between mammalian and
Atlantic cod endosomal and lysosomal markers were performed using their overall sequence (Suppl. Table 2)
and phylogenetic clustering (Suppl. Figure 4). The analysis demonstrates high degree of conserveness. BFP-
Rab7A and RFP-Rab9 were kind gifts from Yael Elbaz- Alon (Weizmann Institute of Science, Israel)’® and Stefan
Hoénig (University of Cologne, Germany)”’, respectively. mApple-Rab7A (Addgene plasmid #54945; http://
n2t.net/addgene:54945; RRID: Addgene_54945) and mApple-Rabl11A (Addgene plasmid #54942; http://n2t.
net/addgene:54942; RRID: Addgene_54942) were gifts from Michael Davidson. mCherry-Rab5A has been
described before’®. GFP-Rab14 was a kind gift from Ole Landsverk, GFP-Rab22 was purchased from Addgene
(plasmid #49600). HRSYFP has been described before”®. RFP-SNX1 was a kind gift of Peter Cullen (University
of Bristol, UK), LAMP1-mGFP was a gift from Esteban DellAngelica (Addgene plasmid #34831; http://n2t.net/
addgene:34831; RRID: Addgene_34831)30, CD63-GFP has been described before®!. GFP-Rab5A was a kind gift
of Cecilia Bucci (University of Salento, Italy). For the construction of mCherry-LIMP2, the coding sequence of
LIMP2 was amplified by polymerase chain reaction (PCR) using the following primers: LIMP2-f 5'- AGAGA
GCGGCCGCAATGGCCCGATGCTGCTTCTA-3’; LIMP2-r 5'-AGAGATCTAGATTAGGTCCGTATGAGGG
GTG-3'; containing a Notl restriction site and a Xbal restriction site, respectively. LIMP2 fragments cut with
Notl/Xbal were then cloned into pcDNA 3.1-mCherry plasmid®? cut with NotI and Xbal. The construct was
sequenced to exclude the presence of Taq polymerase mistakes.

Sequence alignments and phylogenetic tree

Sequences of human molecular markers were obtained from https://vertebrate.genenames.org through their
link to Refseq gene models. Canonical transcripts were downloaded through NCBI. For Atlantic cod molecular
markers were obtained through gene name searches https://www.ncbi.nlm.nih.gov/data-hub/gene/taxon/8049/.
In addition, a small set of protein coding sequences from other species were downloaded from GenBank to
be included in a multiple protein sequence alignment. MEGA7 was used to curate Atlantic cod and human
transcript sequences and alignments done using muscle. Pairwise pdistances were calculated using the protein
sequences in MEGA7. The p-distance reflects the proportion of amino acid sites at which two sequences
compared are different. Using the translated protein alignment, additional protein sequences were added and
re-aligned using muscle. A simple unrooted neighbour-joining tree with Poisson distribution and 500 bootstrap
replicates was generated to investigate if the annotated Atlantic cod gene models likely share ancestry with the
annotated human gene models. All annotations clustered together with their human orthologs.

Antibodies and reagents

Primary antibodies used for western blot (WB) and immunofluorescence (IF) analysis include antiLRP1
(Invitrogen, SA0290, IF 1:100, WB 1:200) and anti-GFP (Abcam, ab6556, WB 1:1000). Alexa Fluor secondary
antibodies (Invitrogen) used for IF were diluted to 1:200 and secondary antibodies conjugated to horseradish
peroxidase used for immunoblotting studies (GE Healthcare) were diluted 1:5000. LysoTracker™ Red DND-99
(Invitrogen), LysoTracker™ Green DND-26 (Invitrogen) and LysoTracker Blue DND-22 (Invitrogen) were used
at a final concentration of 50 nM, 1 uM and 2 uM, respectively. Before imaging, cells were incubated with red,
green or blue LysoTracker for 15 min. EGF-Alexa555 (from Invitrogen) was used at a final concentration of
200 ng/ml and imaged after 15 min uptake. Dynasore*? (Sigma Aldrich) was used at a final concentration of 80
uM for 1 h before imaging. 70 kDa Dextran-TexasRed (Molecular Probes) was used at a final concentration of
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0.1 mg/ml and imaged after 1 h uptake. EIPA*"*8 (Sigma Aldrich) was used at a final concentration of 100 uM
for 2 h before imaging.

Transfection

Amaxa nucleofector 2b (Lonza) was used to transfect ACL cells and primary cells using the program X-005. For
each transfection-reaction of the ACL cells, 1/6 of a confluent T75 flask (VWR") was used while for the primary
cells, 10° cells were used. For each transfection-reaction, 2 pg DNA were used. Both ACL cells and primary cells
were seeded onto 35-mm-diameter imaging dishes with glass bottom (MatTek) coated with 20 ug/pL fibronectin
(Sigma Aldrich). Cells were transfected for at last 4 days (for single transfection) or 7 days (for double/triple
transfections) prior to downstream experiments.

Immunoblotting

Lysis of cells was done using a lysis-buffer containing 125 mM K-acetate, 25 mM Hepes, 5 mM EGTA, and 2.5
mM Mg-acetate, pH 7.2, complemented with 0.5% NP-40, protease inhibitor cocktail (Sigma Aldrich), and DTT
(Sigma Aldrich). Lysates were run on SDS-PAGE, blotted onto polyvinylidene fluoride (PVDF) membranes
(Millipore), then incubated with primary antibodies in 2% blotting grade non-fat dry milk (BioRad). After
overnight incubation with primary antibodies, the membranes were incubated with secondary antibodies
conjugated to horseradish peroxidase (HRP) (GE Healthcare). Chemiluminescence was detected using ECL
Prime Western Blotting Detection (GE Healthcare) and a ChemiDoc imaging system from BioRad.

Co-immunoprecipitation

For co-immunoprecipitation experiments, the GFP-Trap_MA (Chromotek)-system was used. Cells were
transiently transfected with GFP-fusion proteins, then lysed in lysis buffer containing 10 mM Tris-HCl pH 7.5,
150 mM NaCl, 0.5 mM EDTA, and 0.1% NP-40. Lysates were incubated for 1 h at 4 °C together with magnetic
beads coupled with anti-GFP. Immunoprecipitated samples together with their respective total lysates were run
on SDS-PAGE and analysed by western blotting.

LC-MS/MS, protein identification and data analysis

The supernatants from the co-immunoprecipitated samples were removed, and the protein-bound beads were
dissolved in 50 ul 50mM ammonium bicarbonate. The proteins were reduced by adding 10 mM DTT and
incubating at 30 °C for 30 min, and then alkylated by adding 25 mM iodoacetamide and incubating at 23 °C
for 60 min in the dark. The reaction was quenched by incubating with 30 mM DTT at 30 °C for 30 min. The
samples were then digested with 2 ug trypsin Trypsin Gold (Promega) at 37 °C overnight. The next day the
digestion was stopped by adding 1% formic acid and the peptides were cleaned by solid-phase extraction (SPE)
using a Ziptip-C18 (Millipore). The digested samples were analyzed using a nanoElute LC system coupled to a
timsTOF Pro mass spectrometer (Bruker Daltonics). The peptides were separated by liquid chromatography
with a Aurora 25 column (C18, 1.5 um beads, 75 um inner diameter, 25 cm length; IonOptics) using a flow rate
of 200 nl/min with 0.1% formic acid (solvent A) and 0.1% formic acid in acetonitrile (solvent B). A 30-minute
gradient was used, starting from 2% solvent B to 35% at a column temperature of 50 °C. MS acquisition was
performed in DDA-PASEF mode. Precursors for data-dependent acquisition were fragmented with an ion
mobility-dependent collision energy, which was linearly increased from 20 to 59 eV.

The LC/MS data were searched against the NCBI database of Atlantic cod (45,162 entries) using Mascot
(Matrix Science, version 2.7.0.1). Scaffold (Proteome Software Inc., Scaffold version 5.1.2) was used to validate
MS/MS based peptide and protein identifications. Peptide identifications were accepted if they achieved an FDR
less than 1.0% by the Percolator posterior error probability calculation. Protein identifications were accepted if
they achieved an FDR less than 1%. For label-free quantification using spectral counts, a t-test was applied with
significance level p <0.05, using normalization and average TIC as quantitative method.

Bacterial strain and growth conditions

E noatunensis subsp. Noatunensis (Fnn) strain NCIMB14265 isolated from diseased Atlantic cod (Gadus
morhua) and transformed with the mCherry-expressing plasmid pKK289Km/mCherry (Fnn-mCherry)®® was
kindly provided by Hanne C. Winther-Larsen from the Department of Pharmacy, University of Oslo, Norway.
Fnn was kept at — 80 °C for long-term storage in BD Bacto Eugon broth (BD Diagnostic Systems) supplemented
with 20% glycerol (Sigma Aldrich). Prior to experiments, bacteria were plated onto Eugon blood agar (EBA)
plates (30.4 g/l BD Bacto Eugon, 15 g/l agar and 5% bovin blood, from Hatunalab), supplemented with 25 pg/
ml kanamycin (Sigma Aldrich), incubated at 20 °C. 4 days prior to infection, Fnn was inoculated in Eugon broth
supplemented with 2 mM FeCl, (Sigma Aldrich) and 25 pg/ml kanamycin (Sigma Aldrich), incubated at 20 °C
with shaking at 150 rpm.

Infection of ACL cells

Transfected ACL cells were seeded onto 24-well plate with glass bottom (MatTek) coated with 20 pg/ul
fibronectin (Sigma Aldrich). Cells were washed 3 times in PBS, then incubated in IMDM medium (Gibco)
without antibiotic and with heat-inactivated FCS (heat to 56 °C for 30 min). Day 7 after transfection, cells were
infected with Frnn-mCherry growing in their exponential phase (OD,,=1.5-1.8) and diluted to OD;=1 in
IMDM medium without antibiotics and with heat-inactivated FCS. After adding bacteria to the ACL cells, the
plates were centrifuged at 500 X g for 5 min to synchronize bacterial uptake. Colony forming units (cfu) was
determined by spreading tenfold dilutions on EBA plates. Growth of pure colonies was counted after 7 days. ACL

cells were infected for 6 h with multiplicity of infection (MOI) of 2500 and kept at 15 °C, 4.5% CO,.
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Immunofluorescence

Cells were fixed in 3% paraformaldehyde (PFA) for 20 min, quenched 10 min in 50 mM NH,CI, then
permeabilized with 0.25% saponin in 1x PBS for 5 min. Following this, cells were incubated 20 min with
primary antibody diluted in 1x PBS, washed three times in 1x PBS, then incubated 20 min with Alexa Fluor
647-conjugated secondary antibody (Invitrogen) in 1X PBS for 20 min.

Live-cell microscopy

During live-cell imaging, cells were kept at room temperature with 4.5% CO,. Imaging was done using a Zeiss
LSM880 microscope equipped with a 63 X oil Plan Apo NA 1 objective or an Olympus SpinSR SoRA spinning
disk confocal using a 60 X Planpon NA 1.42 objective.

Imaging processing and analysis

Image analysis and processing was done using ImageJ (National Institutes of Health) and Adobe Photoshop
(Adobe Systems). Graphs and volcano plot were generated using the software GraphPad Prism 9 (GraphPad
Software Inc., https://www.graphpad.com). Colocalization was analysed by pixel-based analysis using Mander’s
coeflicient with the JACoP plugin in ImageJ®*. Imaris software was used to generate isosurface 3D reconstructions.
Ggplot was generated in R illustrating the mass spectrometry data. Fluorescence intensity profile analysis were
obtained using the plot profile function in Image]. Statistical analysis was done using two-tailed paired Student
t-test in Excel (Microsoft). In the figures, statistical significance is indicated as follows: ns>0.05, *p <0.05,
**p<0.01.

MHC | expression analysis

All RefSeq gene models from the Atlantic cod genome assembly gadmor3 GCF_902167405.1 were subjected to
a ThblastN search using teleost reference MHCI sequences from Grimholt et al. as queries®® and BLAST+/2.1486,
All reported transcripts were translated to protein and aligned together with the reference sequences using
CLUSTALW and Mega7%. Only transcripts clustering together with MHCI U and Z lineages were selected for
further analysis. Their corresponding LOC gene identifiers were obtained from the GCF_902167405.1 GTF file.
RNA expression data from 10 different Atlantic cod tissues was downloaded from SRA: Ovary SRR2045415,
Brain SRR2045416, Gills SRR2045417, Heart SRR2045418, Muscle SRR2045419, Liver SRR2045420, Kidney
SRR2045421, Bones SRR2045422, Intestine SRR2045423, and Testis SRR2045424. The raw sequence data was
mapped towards gadmor3 using STAR/2.7.10b% using default parameters and quantMode GeneCounts. The
resulting unstranded counts were merged into a count matrix and analysed using Rstudio (R version 4.3.2). The
matrix was filtered by expression using edgeR® FilterByExprs function prior to any data conversion and plotting.
As there are no replicates, and the main goal is to determine present or absent MHCI expression in different
tissues, the collective data was first converted to log2 transformed counts per million and plotted using the base
boxplot function. Subsequently, using DESeq2%, the log2 transformed counts were plotted per predicted MHCI
gene in the annotation using the plotCounts function. Count matrix, code and plots is available here: https://doi.
org/10.6084/m9.figshare.24973524.

Data availability

RNA sequences for MHC I expression analyses are available in the Sequence Read Archive repository, under
the following accession: Ovary SRR2045415, Brain SRR2045416, Gills SRR2045417, Heart SRR2045418, Muscle
SRR2045419, Liver SRR2045420, Kidney SRR2045421, Bones SRR2045422, Intestine SRR2045423, and Testis
SRR2045424. Code for mapping, subsequent count matrix, code for MHC I expression analysis, and results
are available at Figshare: https://doi.org/10.6084/m9.figshare.24973524. Accession numbers used for phyloge-
netic tree analyses are available in supplementary Table 3. All alignments are available at Figshare: https://doi.
0rg/10.6084/m9.figshare.24973524. The mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository”! with the dataset identifier PXD050180 (http://
www.ebi.ac.uk/pride).
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