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Carcinoembryonic antigen-related cell adhesion molecule 3
(CEACAM3) is a human granulocyte receptor mediating the
efficient phagocytosis of a subset of human-restricted bacterial
pathogens. Its function depends on phosphorylation of a
tyrosine-based sequence motif, but the enzyme(s) responsible
for reversing this modification are unclear. Here, we identify
the receptor-type protein tyrosine phosphatase PTPR] as a
negative regulator of CEACAM3-mediated phagocytosis. We
show depletion of PTPRJ results in a gain-of-function pheno-
type, while overexpression of a constitutively active PTPR]
phosphatase strongly reduces bacterial uptake via CEACAM3.
We also determined that recombinant PTPR] directly de-
phosphorylates the cytoplasmic tyrosine residues of purified
full-length CEACAMS3 and recognizes synthetic CEACAM3-
derived phosphopeptides as substrates. Dephosphorylation of
CEACAM3 by PTPR] is also observed in intact cells, thereby
limiting receptor-initiated cytoskeletal re-arrangements,
lamellipodia formation, and bacterial uptake. Finally, we show
that human phagocytes deficient for PTPR] exhibit exaggerated
lamellipodia formation and enhanced opsonin-independent
phagocytosis of CEACAM3-binding bacteria. Taken together,
our results highlight PTPR] as a bona fide negative regulator of
CEACAM3-initiated phagocyte functions, revealing a potential
molecular target to limit CEACAM3-driven inflammatory
responses.

Phagocytosis is an important cellular defense mediated by
professional phagocytes including granulocytes, macrophages,
and dendritic cells. Dedicated phagocytic receptors, such as
Fc-receptors, complement receptors, scavenger receptors,
carcinoembryonic antigen-related cell adhesion molecule 3
(CEACAM3), or dectin-1, play a central role in this process (1).
While Fc-receptors and complement receptors require prior
opsonization, CEACAM3 and dectin-1 directly bind to specific
surface-exposed features of their target particles (2, 3). In
contrast to dectin-1, which recognizes glycan moieties exposed
on the yeast cell walll, CEACAMS3 detects a specific
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functionality of various human-restricted bacterial pathogens:
the possession of CEACAM-binding adhesins (4). The CEA-
CAMS3 gene is only present in higher primates where expres-
sion of the protein is restricted to granulocytes (5). As a
receptor with a narrow target spectrum, CEACAM3 appears to
be involved in a molecular arms race with specialized human-
restricted bacterial pathogens such as Neisseria gonorrhoeae
(5, 6). Indeed, the extracellular IgV-like domain of CEACAM3
recognizes CEACAM-binding surface proteins of diverse mi-
crobes with the Opa proteins of N. gonorrhoeae serving as the
best characterized CEACAM-binding adhesins (7—11). On the
other hand, the functionality of CEACAMS3 as a phagocytic
receptor depends on a short sequence in its cytoplasmic
domain reminiscent of an immunoreceptor tyrosine-based
activation motif (ITAM). Similar to classic ITAM motifs
found in Fcy receptors or the T-cell receptor-associated zeta
chain, phosphorylation of the two ITAM-embedded tyrosine
residues (Y230 and Y241) of CEACAMS3, which are the only
tyrosine residues contained within the complete cytoplasmic
domain of CEACAM3, depends on Src family protein tyrosine
kinases (PTKs) (7, 12). This initial tyrosine phosphorylation
allows association with the SH2-domain of the Rac guanine
nucleotide exchange factor Vav accompanied by a rapid in-
crease in GTP-loaded Rac and WAVE-complex-dependent
cytoskeletal rearrangements (13-15). The resulting actin
polymerization drives the local formation of prominent
lamellipodia, a characteristic hallmark of CEACAM3-mediated
phagocytosis (14, 16, 17). CEACAM3 tyrosine phosphorylation
and Rac activity are also linked to the subsequent production
of reactive oxygen species (18, 19). Accordingly, CEACAM3
tyrosine phosphorylation has to be tightly controlled, but the
enzymes responsible for CEACAM3 dephosphorylation are
currently unknown.

In the case of the TCR-{ chain, the receptor-type protein
tyrosine phosphatase (PTPR) PTPR], is able to dephosphory-
late the ITAM tyrosine residues, thereby suppressing TCR
signal transduction (20-22). On the other hand, the same
enzyme also appears to act on the phosphorylated, carboxy-
terminal tyrosine residue responsible for the autoinhibited
state of Src family PTKs, thereby promoting Src PTK activity
(23-25). This dual role of PTPR]J in enhancing Src family PTK
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activity and reducing phosphorylation of membrane proteins
has also been observed in the case of other ITAM-containing
receptors such as dectin-1 (26). Given this disparate function
of PTPR] on receptor-mediated signal transduction, it is not
surprising that the in vivo ablation of this enzyme has yielded
conflicting results. While genetic ablation of the PTPRJ
phosphatase domain in the mouse results in early embryonic
lethality, the recent report of biallelic loss-of-function variants
indicates that the complete deletion of PTPR] in humans is
compatible with normal development (27, 28). However,
PTPR] deficiency in humans seems to impair platelet activity
supporting a positive role of PTPR] in platelet activation and
thrombosis (29, 30).

Using a focused genetic screen, we here identify PTPR] as a
negative regulator of CEACAM3-mediated phagocytosis by
human cells. While Src family PTK signaling is not affected,
overexpression of PTPR] diminishes tyrosine phosphorylation
of the receptor and reduces CEACAM3-mediated internali-
zation of bacteria. PTPR] acts on both phosphorylated tyrosine
residues within the CEACAM3 ITAM-like motif. CRISPR/
Cas9-mediated deletion of PTPR] in myeloid cells results in a
"gain-of-function" phenotype consistent with an inhibitory role
of PTPR] on the human innate immune defense against
human-restricted CEACAM3-binding microbes.

Results

A genetic screen of human PTPRs identifies tyrosine
phosphatases with a negative role in CEACAM3-mediated
phagocytosis

As a prerequisite for our genetic screen, we first generated a
phagocyte cell line stably expressing CEACAM3 and a separate
protein serving as selection marker. To this end, a CEACAM3-
mKate fusion protein and the blue-fluorescent protein Ceru-
lean were stably expressed in human myeloid HL60 cells
(HL60-CEACAMS3 cells; Fig. 1, A-C). Next, we individually
disrupted each of the 20 human PTPR genes in HL60-
CEACAM3 cells using lentiviral transduction of target-
specific single guide RNAs (sgRNAs) together with Cas9 (see
Fig. 1D for a schematic outline of the screening procedure). To
limit the analysis to Cas9-modified cells, the HL60-CEACAM3
cells were cotransduced with a second lentiviral particle
encoding a sgRNA targeting the Cerulean cDNA (Fig. 1D). As
the sgCerulean-containing viral particles lack a Cas9 gene,
disruption of the Cerulean reading frame can only occur, if a
cell is coinfected by the sgPTPRx/Cas9-encoding virus and
functionally expresses Cas9. One week after gene targeting, the
different PTPR-deficient HL-60 cell lines were infected for
15 min with fluorescein-labeled N. gonorrhoeae. Uptake of the
bacteria was quantified via flow cytometry by gating on the
Cerulean-negative cells and measuring the fluorescein signal
derived from internalized bacteria (Fig. 1D) (5, 31). Trans-
duction of HL60-CEACAMS3 cells with the Cerulean-targeting
sgRNA did not compromise the efficient opsonin-independent
internalization of Opas,-expressing N. gonorrhoeae, which are
recognized by CEACAMS3 (Fig. 1E). Fluorescein-labeled, non-
opaque N. gonorrhoeae, which are unable to bind CEACAMS3,
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were not internalized by HL60-CEACAM3 cells, demon-
strating that the observed rapid phagocytosis was CEACAM3
mediated (Fig. 1E). For most targeted PTPRs, no major
changes in phagocytosis or a reduced uptake were observed as
exemplified for PTPRD, PTPRN2, PTPRO, and PTPRR (Fig. 1,
F and H). As the successful sgRNA-mediated gene disruption
and resulting protein depletion was not determined for each
PTPR at this point, we cannot rule out that samples lacking an
effect on CEACAM3-mediated phagocytosis might represent
false negatives. However, disruption of specific PTPR genes
resulted in a gain-of-function with enhanced uptake of Opas,-
expressing N. gonorrhoeae by Cerulean-negative cell pop-
ulations, and we focused our further study on these positive
candidates (Fig. 1, G and H). Such a gain-of-function in
CEACAM3-mediated phagocytosis was seen in cells with tar-
geted disruption of PTPRJ, PTPRS, PTPRF, and PTPRG, four
protein phosphatases known to be present in HL60 cells (32).
This result implied that one or more of these four PTPRs
could function as a negative regulator of CEACAM3-initiated
events.

Overexpression of active PTPRJ diminishes CEACAM3-
mediated phagocytosis

To directly test a potential negative role of PTPRF, PTPRG,
PTPR], and PTPRS, we overexpressed these enzymes together
with CEACAMS3 using 293T cells, which lack endogenous
expression of any CEACAM. In this case, we used the catalytic
domains of the distinct phosphatases fused to a myristoylation
signal directing the enzyme to the inner leaflet of the plasma
membrane (Fig. 24). With the exception of PTPRG, all
phosphatase domains were expressed at equivalent levels and
also a uniform expression of CEACAM3 was confirmed by
Western blotting (Fig. 2B). As observed before, CEACAM3-
expression allowed efficient uptake of Opasy-expressing
N. gonorrhoeae by 293T cells, while nonopaque gonococci
were not internalized (Fig. 2C). Strikingly, only expression of
myr-PTPR] resulted in a strong reduction in CEACAM3-
mediated bacterial internalization, while expression of myr-
PTPRS, myr-PTPRF, or myr-PTPRG did not interfere with
CEACAM3-mediated uptake (Fig. 1C). Myristoylated PTPR]
was indeed found associated with the plasma membrane,
where it co-localized with CEACAM3 and CEACAM3-bound
gonococci (Fig. 2D). In summary, these results suggested that
in particular the receptor protein tyrosine phosphatase PTPR]
could constitute a negative regulator of CEACAM3-mediated
phagocytosis.

PTPRJ diminishes CEACAM3 tyrosine phosphorylation

Upon bacterial engagement, the CEACAM3 cytoplasmic
domain is rapidly tyrosine phosphorylated at the HemITAM
sequence by active Src family kinases (12, 33). To examine if
PTPR] affects bacterial uptake by diminishing CEACAMS3
phosphorylation or by interfering with Src kinase activity, we
co-transfected 293T cells with constructs encoding CEA-
CAM3-GFP or GFP together with either myr-PTPR] wildtype
or the catalytically inactive mutant myr-PTPR]-D/A. Western
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Figure 1. A genetic screen of human PTPRs identifies tyrosine phosphatases with a negative role in CEACAM3-mediated phagocytosis. A, lysates of
HL60 wildtype or HL-60-CEACAM3-mKate2 cells were incubated with PFA-fixed Opas,-expressing N. gonorrhoeae, and bound CEACAMs were precipitated.
Precipitates were probed by Western blotting with a-CEACAM3 antibodies (upper panel). Coomassie staining demonstrates even protein loading of the
lanes (lower panel). B, expression of CEACAM3-mKate in HL60-CECAM3-mKate Cerulean cells was confirmed by flow cytometry by measuring the mKate
fluorescence. C, expression of Cerulean by HL60-CECAM3-mKate Cerulean cells was verified by flow cytometry. D, schematic representation of the focused
CRISPR screen. HL60 CEACAM3-mKate Cerulean cells were transduced with a combination of two recombinant lentivirus particles. One contains a guide
RNA sequence targeting one of the 20 receptor-like protein tyrosine phosphatases (sgPTPRx, dark gray) together with the Cas9-expression cassette (Cas9,
light gray). The second viral particle contained a guide RNA sequence targeting the cerulean cDNA (sgCerulean, blue) without the Cas9-expression cassette.
Consequently, a functional sgCerulean-Cas9 complex can only form in cells treated with both types of viral particles. By gating on the cerulean-negative
population, the phagocytic potential of cells with compromised expression of one specific PTPR can be analyzed upon infection with CEACAM3-binding
bacteria. E, HL60-CEACAM3-mKate cells, in which only cerulean was knocked out (HL60 CEACAM3-mKate control), were infected for 15 min with
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Figure 2. Overexpression of active PTPRJ diminishes CEACAM3-mediated phagocytosis. A, schematic representation of myristoylated (myr-) protein
phosphatase domains lacking the extracellular and the transmembrane domain. PTPRS, PTPRF, and PTPRG harbor, in addition to the catalytically active
phosphatase domain (dark gray), a second catalytically inactive domain (light gray). B, 293T cells were cotransfected to express CEACAM3-GFP together with
the indicated phosphatase domains fused to mCherry. Equal CEACAM3-GFP expression levels and expression of the different myr-phosphatase-mCherry
constructs were analyzed by Western blotting using o-GFP (upper panel) and a-mCherry (middle panel) antibodies. Probing of the samples with a-vincu-
lin (lower panel) served as loading control. G, cells from (B) were infected with Opas,-expressing (Opas,) or Opa-negative (Opa-) N. gonorrhoeae (MOI 30) for
45 min. Internalized bacteria were enumerated by gentamicin protection assays. Bars show mean = SEM of three independent experiments performed in
triplicates. n.s., not significant; ***p < 0.001. D, 293T cells were cotransfected with plasmids encoding GFP-tagged CEACAM3 or GFP alone together with the
indicated mScarlet-tagged myristoylated phosphatase domain or mScarlet alone. Cells were infected with PacificBlue-labeled Opas,-expressing
N. gonorrhoeae for 30 min, fixed, and analyzed by confocal microscopy. Insets show 3x magnification of boxed areas. Bars represent 10 um (corresponding
to 3.3 um for insets). CEACAM3, carcinoembryonic antigen-related cell adhesion molecule 3; PTPR, receptor-type protein tyrosine phosphatase.

blot analysis confirmed the equivalent expression of CEA-
CAM3-GFP and GFP (Fig. 3A4). Likewise, myr-PTPR] and
myr-PTPRJ-D/A were expressed at similar levels (Fig. 34). A
low basal tyrosine phosphorylation of immunoprecipitated
CEACAMS3 could be observed, both in the absence of CEA-
CAM3-binding bacteria and after infection with Opa-negative
N. gonorrhoeae (Fig. 3B). As expected, infection with
CEACAM-binding N. gonorrhoeae Opas; resulted in a marked
increase in CEACAMS3 tyrosine phosphorylation (Fig. 3B).
However, receptor phosphorylation was completely abolished,

when the truncated, active myr-PTPR] was co-expressed
together with CEACAM3, whereas co-expression of the
catalytically inactive myr-PTPRJ-D/A variant showed the
opposite effect (Fig. 3B). Interestingly, expression of myr-
PTPR] did not alter the tyrosine phosphorylation state of c-
Src, neither at the activation loop tyrosine residue Y-419 nor
at the negative regulatory tyrosine residue Y-530 near the
carboxy terminus of c¢-Src (Fig. 3C). The Y-530 residue of
c-Src is dephosphorylated upon serum stimulation of cells,
which is known to correspond to increased c-Src activity

CSFE-labeled nonopaque (Opa-) or Opas,-expressing N. gonorrhoeae (Opas,). Signals of extracellular bacteria were quenched by trypan blue, and the CSFE
fluorescence derived from intracellular bacteria is depicted in the histograms. F, G, HL60-CEACAM3-mKate cells transduced with the indicated sgRNAs
targeting individual PTPRs were left uninfected or were infected with CFSE-stained Opas,-expressing N. gonorrhoeae, and bacterial internalization was
measured as in (E). H, quantification of uptake experiments performed as in (E). Data are from three independent experiments and are normalized to the
CFSE fluorescence detected upon infection of HL60 CEACAM3-mKate control cells with Opas,-expressing N. gonorrhoeae. Red circles indicate PTPRs known
to be expressed by HL60 cells. Bars represent mean + SEM from three independent experiments. Statistically significant increases in bacterial internalization
were determined by Student's t test and indicated by asterisks. *p < 0.05; **p < 0.01. CEACAM3, carcinoembryonic antigen-related cell adhesion molecule 3;
CFSE, carboxyfluorescein succinimidyl ester; PTPR, receptor-type protein tyrosine phosphatase; sgRNA, single guide RNA.
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Figure 3. PTPRJ diminishes CEACAMS3 tyrosine phosphorylation. A, 293T cells were transfected to express CEACAM3-GFP or GFP. Where indicated, cells
were additionally transfected with constructs encoding the mCherry-tagged myristoylated phosphatase domain of PTPRJ or the inactive mutant (PTPRJ-D/
A). Transfected cells were infected with Opas,-expressing (Opas,) or Opa-negative (Opa-) N. gonorrhoeae (MOI of 30) for 15 min or remained uninfected.
Subsequently, WCL were prepared, and expression of PTPRJ-mCherry (upper panel) and CEACAM3-GFP or GFP (middle panel) was confirmed by immu-
noblotting with appropriate antibodies. Lysates were probed with a-tubulin antibodies to confirm equal loading (lower panel). B, lysates from (A) were
incubated with GFP-binding nanobodies and GFP or CEACAM3-GFP was immunoprecipitated. Tyrosine phosphorylation of CEACAM3 in the precipitates was
analyzed by Western blotting with a-phospho-tyrosine (pTyr) antibody (upper panel). Equal immunoprecipitation from the samples was verified by probing
with a-CEACAM3 (middle panel) and a-GFP antibodies (lower panel). C, c-Src was immunoprecipitated from cell lysates as in (A). The tyrosine phosphor-
ylation status of c-Src was determined by Western blotting with antibodies directed against phosphorylated Y418 (pY418; upper panel; corresponds to
pPY419 in human c-Src) or pY527 (middle panel; corresponds to pY530 in human c-Src). Probing with a-c-Src antibodies confirmed equal loading (lower
panel). D, c-Src was immunoprecipitated from lysates of serum-starved (-) or serum-stimulated (+) murine embryonic fibroblasts, and the samples were
probed as in ). E, the tyrosine phosphorylation status of p130® was determined by Western blotting with antibodies directed against phosphorylated
Y410 of p130“ (pY410; upper panel), while probing with a-p130“® antibody (middle panel) and a-tubulin (lower panel) confirmed equal loading. CEACAM3,
carcinoembryonic antigen-related cell adhesion molecule 3; PTPR, receptor-type protein tyrosine phosphatase; WCL, whole cell lysate.

(Fig. 3D). In agreement with a negligible effect on c-Src Recombinant PTPRJ dephosphorylates the CEACAM3 tyrosine
phosphorylation and activity, the expression of myr-PTPR] residues Y230 and Y241

did also not abrogate the increased tyrosine phosphorylation While overexpression of PTPR] resulted in reduced tyrosine
of the c-Src substrate pl130“* (Fig. 3E). These data phosphorylation of CEACAMS3, this might be an indirect effect
demonstrated that the presence of active PTPR] selectively mediated by PTPR] acting on another protein phosphatase or
altered the phosphorylation state of CEACAM3, while PTPR] protein kinase. Therefore, we tested the ability of PTPR] to
did not influence c-Src tyrosine phosphorylation or c-Src directly dephosphorylate tyrosine residues within the CEA-
activity, suggesting that PTPRJ might directly act on CAM3 ITAM-like motif. To this end, we recombinantly
CEACAM3. expressed and purified the phosphatase domains of wildtype
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human PTPRJ and of the inactive PTPR]-D/A mutant (PTPR]J-
D/A) in the form of His-tagged proteins in E. coli (Fig. 4A).
The enzymatic activity of the recombinant proteins was
confirmed by in vitro phosphatase assay with the generic
substrate 4-methylumbelliferyl phosphate (4-MUP). Impor-
tantly, wildtype PTPR] dephosphorylated 4-MUP, while the
PTPRJ D/A mutant did not show catalytic activity (Fig. 4B).

Next, we incubated the recombinant phosphatase with syn-
thetic phospho-peptides spanning the CEACAM3 ITAM-like
motif and bearing a phospho-tyrosine residue at either posi-
tion Y230 or Y241 (Fig. 4C). While wildtype PTPR] readily
dephosphorylated each phospho-tyrosine—containing peptide
in a dose-dependent manner, PTPRJ-D/A showed no activity
(Fig. 4D). Phosphate release from both tyrosine residues by

C CEACAMS pY230 peptide: LPNPRTAASI[pY]EELLKHDTNIYCRMDHKAEVAS
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A B A PTPRJ wt
PTPRJ-D/A
<
o -
- -5 4000 R D CEACAM3-pY230 CEACAM3-pY241
r o = N
£ E s e — g
o o > 30001 XS =
= it S 04 R, 3
g 53 £
Z So
— bt © 20001 o 2% 03 3%
43 — 17} A S < [t
o} - [ o @
2 ‘ 88, g2
s = .. =<
S 10004 T8 8o
o A £ T o O
= A a o 28
£ 2801 28
Blot a-His 0 ddsssgassssgassssgesssssaseess £ ~2
10 22 34 46 58 £ 00 wo 05 1 2 4 4 ng
Time [min] wio 05 1 2 4 4 ng p— .
PTPRJ PTPRJ- DIA
D/A
< 04 CEACAM3 pY230 — 109 CEACAM3 pY241 F 5 15 30 46 min
>:€ é - - + - - — + - PTPRJ
g2 15 Zg 08 R S - + PTPRJDA
'ﬁg : 58 — + + + + + + + + + VvSrc
]|a 85 06
28 02 88 66 — - PR
Eg £5 04 [ ] 0 | < CEACAMI-GFP
) <3
gg o1 §§ 0.2 IP GFP, Blot a-pTyr
i;z 0.0 £2 o0 66— —66
15 300 600 1200 120 1530 60 1200 120 S D e | CencrvsaRP
wjo wio IP GFP, Blot a-CEACAM3
= PTPRJ 3 PTPRJD/A = PTPRJ 3 PTPRJD/A
CEACAM3-GFP Ngo Opa,,
L w wt Y230F Y241F CEACAM3-GFP
w
- Q p -+ - + - + PTPRJ
= > > 66
66— — - e p— pa— < p-CEACAM3-GFP
S s | <« CEACAM3-GFP
WCL, Blot a-GFP IP GFP, Blot a-pTyr
< Tubulin 66 — - - - - - <+ CEACAM3-GFP
43— . o

WCL, Blot a-Tubulin IP GFP, Blot a-CEACAM3

Figure 4. Recombinant PTPRJ dephosphorylates the CEACAMS3 tyrosine residues Y230 and Y241. A, recombinant phosphatase domains of His-PTPRJ
and His-PTPRJ-D/A were expressed in E. coli, purified, and analyzed by Western blotting using an a-His antibody. B, 12.5 ng recombinant PTPRJ or PTPRJ-D/A
phosphatase domains were incubated with 500 uM of 4-MUP. Shown is the increase in 4-MU fluorescence of a representative experiment over a 60-min
period. C, synthetic phospho-peptides spanning the carboxy-terminus of CEACAM3. Either tyrosine residue 230 (pY230) or 241 (pY241) of the ITAM-like
sequence is phosphorylated. D, CEACAM3 phospho-peptides were incubated at 30 °C without phosphatases (w/0) or with the indicated amounts of re-
combinant PTPRJ or PTPRJ-D/A phosphatase domains. Released phosphate was determined by malachite green. Background values (buffer plus malachite
green) were subtracted. Bars represent mean + SD of three independent experiments. Statistically significant differences were determined by one-way
ANOVA followed by Dunnett’s posttest. **p < 0.01; ***p < 0.001. E, CEACAM3 phospho-peptides were incubated with or without 1 ng of recombinant
PTPRJ or PTPRJ-D/A for the indicated time at 30 °C. Released phosphate was determined as in (D). Bars show mean + SD from three technical replicates.
F, CEACAM3-GFP was co-expressed or not with the active tyrosine kinase v-Src in 293T cells. CEACAM3-GFP immunoprecipitates were incubated with
200 ng recombinant His-PTPRJ or His-PTPRJ-D/A phosphatase domains for the indicated times at 30 °C. CEACAM3 tyrosine phosphorylation was monitored
by Western blot analysis using a-phospho-tyrosine antibodies (upper panels). Probing of the membrane with a-CEACAM3 antibodies (lower panels)
confirmed equal precipitation of CEACAM3-GFP. G, 293T cells were transfected to express CEACAM3-GFP wildtype, CEACAM3-GFP Y230F, or CEACAM3-GFP
Y241F. Immunoblotting with a-GFP antibodies (upper panel) and a-tubulin (lower panel) confirmed equal expression of CEACAM3 variants as well as equal
loading of the samples. H, 293T cells transfected as in (G) were infected at an MOI of 30 with Opas,-expressing (Opas,) N. gonorrhoeae for 15 min. Cells were
lysed, and wildtype CEACAM3-GFP and CEACAM3 mutants were immunoprecipitated. Immunoprecipitates were incubated for 45 min at 30 °C with or
without recombinant PTPRJ phosphatase (400 ng). Samples were examined by Western blot analysis with a-phospho-tyrosine antibodies (upper panel).
Equivalent amounts of immunoprecipitated CEACAM3 were verified by probing with a-CEACAM3 (lower panel). 4-MUP, 4-methylumbelliferyl phosphate;
CEACAMS3, carcinoembryonic antigen-related cell adhesion molecule 3; ITAM, immunoreceptor tyrosine-based activation motif; PTPR, receptor-type protein
tyrosine phosphatase.
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PTPR] was linear over the course of 60 min and occurred with
comparable efficiency (Fig. 4E). Taken together, these results
show that recombinant PTPR] is able to directly catalyze the
hydrolysis of both phosphorylated tyrosine residues of the
CEACAM3 ITAM-like motif in vitro.

To investigate, if PTPR] also dephosphorylates both residues
in the context of the native CEACAMS3 protein, we expressed
GFP-tagged CEACAMS3 in 293T cells in the presence or
absence v-Src. As reported previously, co-expression of v-Src
leads to strong, constitutive tyrosine phosphorylation of the
CEACAM3 ITAM-like motif (14, 19, 34) (Fig. 4F). Upon
precipitation of CEACAM3-GFP from whole-cell lysates, the
protein was incubated with recombinant PTPR] wildtype or
the inactive D/A mutant for 5 to 45 min (Fig. 4F). Clearly,
incubation of tyrosine phosphorylated CEACAM3 with the
wildtype phosphatase led to an almost complete dephos-
phorylation in the course of 30 to 45 min, while PTPRJ-D/A
did not affect the phosphorylation state of CEACAM3
(Fig. 4F). Moreover, we transfected 293T cells with either
CEACAM3 wildtype or CEACAM3 mutants with a single
phosphorylatable tyrosine residue in the ITAM-like motif
(CEACAMS3 Y230F and CEACAMS3 Y241F). All constructs
were expressed at similar levels (Fig. 4G). Following infection
with CEACAM3-binding N. gonorrhoeae, CEACAM3 proteins
were precipitated from cells and incubated or not with re-
combinant PTPR] for 45 min. As expected, CEACAM3 Y230F
and CEACAM3 Y241F showed reduced tyrosine phosphory-
lation levels compared to wildtype CEACAMS3 (Fig. 4H).
However, upon incubation with recombinant PTPR] all pro-
teins were completely dephosphorylated (Fig. 4H). These
findings confirm the ability of PTPR] to directly dephosphor-
ylate both tyrosine residues embedded within the CEACAM3
ITAM-like motif, suggesting that PTPR] can limit CEACAM3-
initiated, tyrosine phosphorylation-dependent processes such
as phagocytosis of human restricted pathogens.

PTPRJ deletion in human phagocytes results in elevated
phagocytosis

As CEACAMS is expressed exclusively by human gran-
ulocytes, we wondered about the functional interaction of this
phagocytic receptor and PTPR] in myeloid cells. Accordingly,
we generated PTPR]J-deficient clonal HL-60 lines by lentiviral
transduction of HL60 CEACAM3-mKate2 cells with Cas9 and
sgRNAs targeting PTPR] (HL60-CEACAM3-mKate2 sgPTPR]
clone 6 and clone 12). As a control, HL60-CEACAMS3-
mKate2 cells were transduced with Cas9 and sgRNA target-
ing Cerulean (HL60-CEACAM3-mKate2 sgCer). Western
blotting, flow cytometry, and immunofluorescence staining
confirmed that the derived HL60-CEACAM3-mKate2
sgPTPR] cells completely lacked PTPR] expression (Figs. 5, A
and B and S1). Expression of PTPRC, a related receptor
protein tyrosine phosphatase expressed in immune cells, was
not affected (Fig. 5C), and HL60-CEACAM3-mKate sgCer
and HL60-CEACAM3-mKate sgPTPR] clone 6 cells showed
equivalent surface expression of CEACAM3 (Fig. 5D). In line
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with the observations of the initial CRISPR/Cas9 screen, the
clonal PTPRJ-deficient HL60-CEACAMS3 cells exhibited
increased CEACAM3-mediated uptake of Opas,-expressing
N. gonorrhoeae (Fig. 5, E and F). Importantly, increased uptake
by PTPRJ-deficient cells was not seen for nonopaque, non-
CEACAM-binding gonococci, demonstrating that enhanced
phagocytosis  depended on  Opa-protein-CEACAM3-
interaction (Fig. 5, E and F). Together, these findings
corroborate the idea that PTPR] action limits CEACAM3-
mediated phagocytosis by human myeloid cells.

PTPRJ deletion in human phagocytes leads to a gain-of-
function phenotype

As CEACAM3-initiated responses are accompanied by
phenotypic changes of the phagocytes, such as remodeling of
the actin cytoskeleton and induction of prominent cell pro-
trusions, we investigated infected samples by scanning electron
microscopy (SEM). Clearly, uninfected HL60-CEACAMS3-
mKate sgCer and HL60-CEACAM3-mKate sgPTPR] showed
small filopodia-like protrusions throughout the cell body
(Fig. 6A). Upon infection with CEACAM-binding gonococci,
lamellipodia with a length of 1 to 2 pum emerged locally in
HL-60 CEACAM3-mKate sgCer cells (Fig. 6A). However,
lamellipodia formation by infected PTPRJ-deficient HL-
60 cells was markedly magnified with wider and larger
(>2 pm) lamellipodia formed (Fig. 6A4). Based on 10 distinct
SEM images of each sample, we estimated the area covered by
individual lamellipodia. While lamellipodia in wildtype cells
extended on average over ~7 um? in response to infection with
CEACAM-binding bacteria, in PTPR] knock-out cells this area
was doubled (Fig. 6B). Together, these findings illustrate that
PTPR] is a negative regulator of CEACAM3-initiated phago-
cyte functions and that PTPR] action on CEACAMS3 prevents
exaggerated phagocyte responses.

Discussion

CEACAMS3 is a specialized phagocytic receptor, enabling
primate granulocytes to detect and eliminate a restricted set of
host-adapted bacterial pathogens (5). CEACAM3 downstream
signaling is initiated by tyrosine phosphorylation of a charac-
teristic sequence motif in the cytoplasmic domain of this re-
ceptor. Here, we reveal that CEACAMS3 signaling is controlled
by the receptor-type tyrosine phosphatase PTPR] (also known
as CD148 and DEP-1). PTPRJ activity is directed toward the
phosphorylated tyrosine residues of CEACAMS3, thereby con-
straining CEACAM3-initiated cellular responses.

In this regard, PTPR] appears as the second negative regu-
lator of CEACAMS3 signaling, which acts directly on the re-
ceptor protein. Grbl4, a SH2 domain-containing adaptor
protein, has previously been shown to associate with the
phosphorylated tyrosine residue Y230 of CEACAM3 and
thereby prohibits access of functionally important binding
partners (34). Indeed, pY230 is the major binding site of SH2
domains encoded by Src family kinases, the GEF Vav, and the
adapter protein Nck, which together orchestrate the
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cytoskeletal rearrangements required for efficient phagocytosis
(17). By competitive binding to pY230, Grb14 interferes with
CEACAM3 downstream signaling and reduces bacterial up-
take. In a similar manner, PTPR] achieves a comparable
outcome, by slightly different means; this enzyme readily de-
phosphorylates the tyrosine residues embedded in the ITAM-
like motif, thereby completely abrogating the phosphorylation-
dependent, SH2-domain-mediated binding by multiple inter-
action partners.

A direct action of PTPR] on CEACAMS3 is supported by
the in vitro dephosphorylation of phospho-peptides derived
from the CEACAM3 ITAM-like motif by recombinant
PTPR]. Moreover, the recuded CEACAMS3 phosphorylation
observed in PTPRJ-overexpressing cells, which do not show
changes in the phosphorylation pattern of Src family

kinases, is further strong evidence that CEACAM3 is a
direct substrate of PTPR]. The lack of an effect of PTPR] on
Src family kinases might appear surprising given the known
positive role of PTPR] for Src PTK activation in platelets,
but this might be different in human myeloid cells, where
absence of PTPR] has been linked to increased activity of
receptor protein tyrosine kinases (35) and where the acti-
vation of Src family kinases can be mediated by distinct
PTPRs, such as PTPRC (CD45) (24, 36).

Similar to other PTPRs, PTPR]J is characterized by the
possession of a large, multidomain extracellular part. This
spacious extracellular part of the enzyme is functionally rele-
vant during phagocytosis, as it leads to the displacement of
PTPR] by a surface-bound particle (26). A similar situation can
be envisioned in the case of gonococci associating with
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Figure 5. PTPRJ deletion in human phagocytes results in elevated phagocytosis. A, HL60 CEACAM3-mKate Cerulean cells were treated with sgRNAs
against cerulean (HL60 CEACAM3-mKate control) or a combination of sgRNAs against cerulean and PTPRJ (HL60 CEACAM3-mKate sgPTPRJ). PTPRJ
expression in whole cell lysates (WCLs) of the indicated clonal cell lines was analyzed by Western blotting with a-PTPRJ antibodies (upper panel). Equal
loading was confirmed by probing with a-tubulin (lower panel). B, PTPRJ expression in HL60 CEACAM3-mKate control (gray filled curve) or HL60 CEACAM3-
mKate sgPTPRJ clone 6 cells (blue filled curve) was analyzed by surface staining with a-PTPRJ antibodies and flow cytometry. A sample of HL60 CEACAM3-
mKate control cells was also stained with an isotype-matched primary control antibody (IgG control, open curve). C, PTPRC expression in cells as in (B) was
analyzed by surface staining with a-PTPRC antibodies and flow cytometry. A sample of HL60 CEACAM3-mKate control cells was also stained with an isotype-
matched primary control antibody (IgG control, open curve). D, CEACAM3 expression in HL60 cells, HL60 CEACAM3-mKate control cells, and HL60 CEA-
CAM3-mKate sgPTPRJ clone 6 cells was analyzed by staining with a-CEACAM3 antibodies and flow cytometry (gray filled curve). Each cell line was also
stained with an isotype-matched primary control antibody (IgG control, open curve). E, HL60-CEACAM3-mKate sgPTPRJ cells or HL60 CEACAM3-mKate
control cells were infected for 10 min at an MOI of 10 with CFSE-labeled N. gonorrhoeae expressing either Opas, (Ngo Opas,) or no Opa-adhesin (Ngo
Opa-). After quenching the fluorescence of extracellular bacteria with trypan blue, the CSFE signal of internalized bacteria was measured by flow cytometry.
Shown is a representative experiment. F, quantification of bacterial internalization assays performed as in (E). Bars represent mean fluorescent intensities
(MFIs) + SEM from five independent experiments and are normalized to the CFSE fluorescence detected upon infection of HL60 CEACAM3-mKate control
cells with Opas,-expressing N. gonorrhoeae. Statistically significant increases in bacterial internalization were determined by Student’s t test and indicated
by asterisks; **p < 0.01. CEACAM3, carcinoembryonic antigen-related cell adhesion molecule 3; CFSE, carboxyfluorescein succinimidyl ester; PTPR, receptor-
type protein tyrosine phosphatase.
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CEACAMS3. The tight binding of the bacteria to CEACAM3
leads to a close apposition of the particle and the phagocyte
membrane as observed by SEM (7, 16). Accordingly, the steric
hindrance of the large extracellular domain of PTPR] would
result in a lateral displacement of the protein phosphatase
away from the clustered, pathogen-bound receptor. As a
consequence of this microscale spatial separation, the local
absence of PTPR] could give way to elevated tyrosine phos-
phorylation of the CEACAM3 ITAM-like motif, whenever the
receptor is engaged by a particle. In line with this elegant
concept of a phagocytic synapse formation (26), truncation of
the large extracellular domain of PTPR] results in a
constitutive-active form of the protein phosphatase, which
cannot get displaced by a bound particle and therefore di-
minishes CEACAM3-mediated phagocytosis. Another mode
of PTPR] regulation, which depends on the generation of
reactive oxygen by the NADPH oxidase has been reported
from human acute myeloid leukemia cells (37). As CEA-
CAM3-initiated signals trigger strong GTP-loading of Rac and

A uninfected

PTPRJ dephosphorylates CEACAM3

NADPH oxidase assembly, PTPR] could also become enzy-
matically silenced via reactive oxygen species acting on critical
cysteine residues in the phosphatase domain (38). In this way,
NADPH oxidase action might generate a positive feedback
loop to promote sustained tyrosine phosphorylation of CEA-
CAM3 by dampening PTPR] activity.

Together, our results indicate that human granulocytes
possess multiple, independent means of regulating the phos-
phorylation state of the CEACAM3 ITAM-like motif. This
finding implies that tight control of this receptor is needed to
prevent unintended activity. Indeed, by triggering the release
of proinflammatory cytokines and inducing massive stimula-
tion of reactive oxygen production (7, 19, 39, 40), uncontrolled
CEACAMS3 signaling has the potential to cause severe cell and
tissue damage. On the other hand, the action of this gran-
ulocyte receptor can protect our body from harmful microbes
suggesting that the negative regulation by PTPR] or Grb14 has
to be finely tuned to allow maximum effectivity of CEACAM3
at infection sites.
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Figure 6. Deletion of PTPRJ in human phagocytes results in a gain-of-function phenotype. A, HL60 CEACAM3-mKate2 PTPRJ-cells (PTPRJ-) and HL60-
CEACAM3-mKate2 control cells (sgCer) were left uninfected or were infected with Opas,-expressing N. gonorrhoeae for 30 min (MOI 30). Cells were fixed and
analyzed by scanning electron microscopy. Arrowheads point to lamellipodia involved in phagocytosis. Scale bars represent 5 um. B, in samples from (A), the
extension of bacteria-induced lamellipodia was determined by manual determination of the circumference and calculation of the area in NIH ImageJ as in
the depicted examples. Scale bars represent 2 um. The broken line indicates the circumference of the lamellipodia. Bars in the right panel represent mean
lamellipodial area in um? + SD of 10 individual cells for each condition. Statistically significant differences were determined by two-sided Student’s t test
and indicated by asterisks. **p < 0.01. CEACAM3, carcinoembryonic antigen-related cell adhesion molecule 3; PTPR, receptor-type protein tyrosine

phosphatase.
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Experimental procedures
Antibodies

The following primary and secondary antibodies were used:
primary antibodies: a-CEACAM3 (mouse monoclonal anti-
CEACAM3/CEACAMS5, 308/3-3 from ImmunoTools, WB:
1:2000, FC: 1:200); a-GFP (mouse monoclonal, JL8 from
Clontech, WB: 1:5000); a-6x His (mouse monoclonal, H8 from
Thermo Scientific, WB: 1:1000); «-Opa (mouse monoclonal,
4B12/C11, Developmental Studies Hybridoma Bank, University
of Iowa, USA, a generous gift of M. Achtman (41), WB: 1:2000);
a-PTPRC (mouse monoclonal, 35-Z6 from Santa Cruz, FC:
1:200); a«-PTPR]J (DEP-1) (mouse monoclonal, 143-41 from
Santa Cruz, WB: 1:1000, FC: 1:200, IF: 1:100); a-RFP (used to
detect mCherry, mouse monoclonal, clone 6G6 from Chromo
Tek, WB: 1:2000); a-cSrc (rabbit polyclonal, SRC2 (sc-18) from
Santa Cruz, WB 1:1000); a-phospho-Src (pY418) (rabbit poly-
clonal Cat.# 44660G from Invitrogen, WB: 1:500); a-phospho-
Src (pTyr527) (rabbit polyclonal, #2105 from Cell Signaling,
WB 1:500); a-p130“* (mouse monoclonal, P27820 from
Transduction Laboratories, WB 1:1000); a-phospho-p130<
pY410 (rabbit polyclonal, #4011 from Cell Signaling, WB
1:500); a-Tubulin (mouse monoclonal, clone E7 from Devel-
opmental Studies Hybridoma Bank, University of Iowa, USA,
WB: 1:1000); a-phospho-tyrosine (mouse monoclonal, PY72
from Upstate Biotechnology, WB 1:1000); a-Vinculin (mouse
monoclonal, clone hVIN-1 from Sigma-Aldrich, WB: 1:1000);
secondary antibodies: horseradish peroxidase (HRP)-conju-
gated goat anti-mouse (Jackson ImmunoResearch Inc., WB:
1:10.000), horseradish peroxidase (HRP)-conjugated goat anti-
rabbit (Jackson ImmunoResearch Inc., WB: 1:5000) and Alexa
Fluor 488-conjugated AffiniPure goat anti-mouse (Jackson
ImmunoResearch Inc., IF: 1:200, FC: 1:200).

Cell culture and transient transfection

Human embryonic kidney 293T cells (293T cells) (DSMZ)
were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% calf serum. 293T cells seeded the previous day
at approximately 25% confluency were transfected with 5 pg of
plasmid DNA using calcium phosphate precipitation. Samples
were treated with 25 uM chloroquine for 6 to 8 h, before the
culture medium was replaced with 10 ml of fresh Dulbecco’s
modified Eagle’s medium containing 10% calf serum. Cells were
lysed 48 h after transfection. Murine embryonic fibroblasts (42)
were cultured in DMEM supplemented with 10% fetal calf
serum (FCS), nonessential amino acids, and sodium pyruvate.

HL60 cells (ATCC) were cultured in RPMI 1640 medium
supplemented with 10% FCS. 293T, murine embryonic fibro-
blasts, and HL60 cells were maintained at 37 °C and 5% CO,
and were splitted every 2 to 3 days.

Bacterial strains and growth conditions

N. gonorrhoeae MS11-B2.1 strains (nonpiliated N.gonor-
rhoeae Opas, (N309) and nonpiliated N.gonorrhoeae MS11-
B2.1 Opa™ (N302)) (43) were grown on GC agar plates sup-
plemented with vitamins, chloramphenicol (10 pg/ml), and
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erythromycin (7 pg/ml). Bacteria were cultured at 37 °C and
5% CO, and were passaged daily.

Recombinant DNA

The lentiviral pLL3.7-Cerulean-vector was generated by
replacing the GFP-cDNA of the pLL3.7 vector (a kind gift
from Luk Parijs; Addgene #11795) with the Cerulean-cDNA
from the mCerulean C1 plasmid (a kind gift from Steven
Vogel; Addgene #27796). This was achieved by digestion of
both plasmids with the restriction enzymes Agel and BsrGI
followed by ligation of the Cerulean-coding sequence into the
pLL3.7-backbone. The Cerulean-targeting CRISPR plasmid
pLentiCRISPRv2-sgRNACerulean, which was used to generate
HL60-CEACAM3-mKate control cells, is based on the pLen-
tiCRISPRv2 vector (a kind gift from Feng Zhang; Addgene
#52961, (44)) and has been described before (42). To derive
the pLentiCRISPRv2-sgCerulean-w/o-Cas9 vector, pLenti-
CRISPRv2-sgRNACerulean was digested with BsmBI and a
linker oligo was inserted (using the annealed sense oligo
5'-CACCGGAGACGGATGGGCCCAATTCGAATACACGT
GGTTGATTTAAATGGGCCCCGTCTCC-3' and antisense
oligo 5-AAACGGAGACGGGGCCCATTTAAATCAACC
ACGTGTATTCGAATTGGGCCCATCCGTCTCC-3'). Next,
the Cas9 coding sequence was removed from the backbone by
digestion with Agel and BamHI followed by religation with an
annealed stuffer (5"-CCGGTTCTAGAGCGCTGCC
ACCATGG-3' and 5'-GATCCCATGGTGGCAGCGCTCTA-
GAA-3).

Lentiviral sgPTPRx sequence-containing plasmids were
generated using plentiCRISPRv2, which was digested with
BsmBI and then ligated with the corresponding BsmBI
overhang-containing PTPRx-sgRNA oligopair. The sgRNA
sequences used for targeting specific PTPRs are listed in
Table 1.

Expression vectors encoding the myristoylated phosphatase
domains were constructed from the full-length ¢cDNA of
PTPR]J (generous gift from I. Royale, University of Montreal,
Canada (45)), PTPRS (Harvard Medical School, plasmid
collection # HsCD00341547), PTPRG (Arizona State Univer-
sity, DNASU Plasmid Repository # HsCD00829408), and
PTPRF (Arizona State University, DNASU Plasmid Repository
# HsCD00021632). The phosphatase domain encoding cDNAs
were amplified by PCR using primers that introduced ligation-
independent cloning (LIC) overhangs and an N-terminal
myristoylation site (myr-PTPRF: 5-ACTCCTCCCCCGCC
ATGGGATGTATAAAATCAAAAGGGAAAGACAAAAGG
AAAAGGACCCACTC-3' and 5'-CCCCACTAACCCGC
GTTGCATAGTGGTCAAAGC-3’; myr-PTPRG: 5-ACTCC
TCCCCCGCCATGGGATGTATAAAATCAAAAGGGAAA-
GACAGAGGGTGTAACAAAATAAAGTCC-3' and 5-CC
CCACTAACCCGCACTAGGGACTCCATGCTCTCAGC-3/;
myr-PTPR]: 5-ACTCCTCCCCCGCCATGGGATGTAT
AAAATCAAAAGGGAAAGACAGAAAGAAGAGGAAAGA
TGC-3' and 5'-CCCCACTAACCCGGGCGATGTAACCA
TTGG-3'; myr-PTPRS: 5-ACTCCTCCCCCGCCATGGG
ATGTATAAAATCAAAAGGGAAAGACCTGCTCTACAAG
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Oligonucleotides (sgRNAs) used for the CRISPR/Cas9-mediated knockout of receptor-type protein tyrosine phosphatases (PTPRs)

Forward (5’ — 3')

Reverse (5’ — 3')

Targeted gene

BsmBI-overhang, sense sgRNA

BsmBI-overhang, antisense sgRNA

PTPRA CACCGCTGTTCTGGCATCCGTGAAC AAACGTTCACGGATGCCAGAACAGC
PTPRB CACCGTGTGGTGTTGTCTATCCGAA AAACTTCGGATAGACAACACCACAC
PTPRC CACCGTTACCACATGTTGGCTTAGA AAACTCTAAGCCAACATGTGGTAAC
PTPRD CACCGTCGAACTCAACATTCGTGCC AAACGGCACGAATGTTGAGTTCGAC
PTPRE CACCGCACTCCGAAGTCGGGCCAGC AAACGCTGGCCCGACTTCGGAGTGC
PTPRF CACCGTCATCTCGCTGCACCCGCAA AAACTTGCGGGTGCAGCGAGATGAC
PTPRG CACCGCGGGGAAGCACACGACATAA AAACTTATGTCGTGTGCTTCCCCGC
PTPRH CACCGAACAGCCACCAACGTCACCG AAACCGGTGACGTTGGTGGCTGTTC
PTPRJ CACCGCAGGCTCTAACCCGACAAGC AAACGCTTGTCGGGTTAGAGCCTGC
PTPRK CACCGAGGGGCCTGTGATTACCACC AAACGGTGGTAATCACAGGCCCCTC
PTPRM CACCGGATGAGCCGTATAGCACATG AAACCATGTGCTATACGGCTCATCC
PTPRN1 CACCGCAGGCTGTCTATTTGACCGC AAACGCGGTCAAATAGACAGCCTGC
PTPRN2 CACCGGGCGTCGGAGGGCGTTGGCC AAACGGCCAACGCCCTCCGACGCCC
PTPRO CACCGTAGTAATATCACCTTTCAGC AAACGCTGAAAGGTGATATTACTAC
PTPRQ CACCGGCTCATCACAGTGGCAGACC AAACGGTCTGCCACTGTGATGAGCC
PTPRR CACCGTCTCCCATAAACCGAAAAAC AAACGTTTTTCGGTTTATGGGAGAC
PTPRS CACCGGTTCCCTACCTCGCACGTAG AAACCTACGTGCGAGGTAGGGAACC
PTPRT CACCGCCTGGGAGCAGATTAACACA AAACTGTGTTAATCTGCTCCCAGGC
PTPRU CACCGCGTTGACCTCCACGTCGCCC AAACGGGCGACGTGGAGGTCAACGC
PTPRZ1 CACCGAACACATTCATTCATAACAC AAACGTGTTATGAATGAATGTGTTC
AACAAACC-3' and 5-CCCCACTAACCCGGGTTGCATA Whole cell lysates and Western blotting

GTGGTCAAAGC-3'). The PTPRJ-D1205A (PTPRJ-D/A)
mutation was introduced by PCR with overlapping extension
(SOEing) using the LIC-based myr-PTPR] forward and
reverse primer together with a mutation introducing comple-
mentary forward and reverse primer (5-CCATTTCACC
TCCTGGCCAGCCCACGGTGTTCCCGACACC-3' and 5'-
GGGGGTGTCGGGAACCGTGGCTGGCCAGGAGGTGAAA
TGG-3'). Subsequently, the PCR products were inserted into the
pDNR dual-LIC vector (5). From the resulting pDNRdual-LIC-
myr-PTPRx vectors, the inserts were transferred by Cre-based
recombination into mammalian expression vectors containing
mScarlet (pLPS3'-mScarlet) or mCherry (pLPS3’-mCherry). The
resulting expression constructs encode the respective myristoy-
lated phosphatase domain with a fluorescent protein fused to the
carboxy-terminus. pLPS3’-mScarlet and pLPS3’-mCherry were
created by replacing the EGFP-encoding cDNA of the pLPS3'-
EGFP acceptor vector (Clontech) with the ¢cDNA of mScarlet
derived from vector pmScarlet-C1 (kind gift from Dorus Gadella;
Addgene #85042) or with the cDNA of mCherry derived from
vector pRSET-B mCherry (kind gift from Kalina Hristova;
Addgene #108857), respectively.

—

Cloning and expression of the recombinant PTPRJ
phosphatase domain

For bacterial expression of the 6xHis-Sumo-tagged PTPR]
and PTPRJ-D/A phosphatase domains, the cDNAs encoding
the phosphatase domain were amplified from the pLPS3'-
mCherry-myr-PTPR] and pLPS3’-mCherry-myr-PTPR]-D/A
constructs described above using primers PTPR]-PTP_Sacl_for
(5'-ATAGAGCTCAGGGTTCGCAGAGGAATACG-3) and
PTPRJ-PTP_Notl_rev (5'-ATAGCGGCCGCTCATCTGA-
CAATATCCAAAACACACTG-3'). The PCR products were
digested with SacI/Notl and cloned into pET24a-His-Sumo
(46). Phosphatase domains were expressed in E. coli
BL21(DE3) upon induction with IPTG, purified using a His-FF
column (GE Healthcare), and dialyzed with 50 mM Tris, pH
7.5, 150 mM NacCl, and 10% glycerol.
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Cells were lysed in RIPA buffer (0.1% w/v SDS, 1% sodium
deoxycholic acid, 1% Triton X-100, 50 mM Hepes, 150 mM
NaCl, 10% glycerol, 1.5 mM MgCl,, 1 mM EGTA, 10 mM
sodium pyrophosphate, and 100 mM NaF) or NP40 lysis buffer
(50 mM Tris-HCl, pH7.4, 150 mM NaCl, 1% NP40, 1 mM
EDTA, 50 mM NaF) in the presence of protease inhibitors,
1 mM sodium orthovanadate, and 10 mM of para-nitrophenol
phosphate. After centrifugation at 13,000 rpm and 4 °C for
30 min, cleared whole cell lysates were taken up in SDS buffer
and boiled at 95 °C for 5 to 10 min. Proteins were separated by
SDS-PAGE and transferred to polyvinylidene difluoride
membranes. Subsequently, membranes were blocked in
blocking buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl,
0.05% Tween 20, 2% BSA) for 1 h at RT and then incubated
with primary antibodies (diluted in blocking buffer) overnight
at 4 °C. The next day, membranes were washed three times
with TBS-T (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.05%
Tween 20) and incubated with the HRP-conjugated secondary
antibody (in TBS-T) for 1 h at RT, before ECL detection on a
Chemidoc Touch Imaging System (Bio-Rad).

Lentivirus production in 293T cells and transduction of
HL60 cells

Lentiviral particles were produced by transient transfection
of 293T cells with the plasmids pMD2.G (Addgene #12259)
(3.5 pg), psPAX2 (Addgene #12260) (5 pg), and the respective
lentiviral vector (6.5 pg). Three days after transfection, the
virus-containing supernatant was collected, sterile filtered
(pore size 0.45 pm), and added to the recipient cells, which also
received 8 pg/ml hexadimethrine bromide. Virus-infected
cultures were centrifuged at 800g for 1 h to spin the viral
particles onto the cells (spinfection). First, HL60-CEACAMS3-
mKate2-expressing cells (5) were transduced with lentiviral
particles encoding pLL3.7-Cerulean to obtain a stable Ceru-
lean expressing HL-60-CEACAM3-mKate2 cell line (HL60-
CEACAM3-mKate2-Cerulean cells). Next, HL60-CEACAM3-
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mKate2-Cerulean cells were simultaneously transduced with
two distinct lentiviral particles, one produced using a defined
pLentiCRISPRv2-sgPTPRx construct and the other using the
pLentiCRISPRv2-sgCerulean-w/o-Cas9 vector. HL60-
CEACAM3-mKate2 control cells were transduced with
pLentiCRISPRv2-sgRNACerulean encoding lentiviral particles.
For the genetic screen, transduced HL-60 populations were
employed 1 week after transduction in phagocytosis assays
with fluorescently labeled bacteria. For selection of clonal
PTPRJ-deficient HL-60 lines, single Cerulean-negative cells
were sorted on a FACS Arialll (BD Biosciences) into 96-well
plates, and single-cell derived clones were expanded and
analyzed for complete lack of PTPR] by flow cytometry and
Western blotting.

CEACAM3 enrichment from HL60 cell lysates

Opasy-expressing N. gonorrhoeae were fixed in 4%
paraformaldehyde-containing PBS for 20 min and then washed
three times with PBS. Fixed bacteria were added to HL60 cell
lysates and rotated at 4 °C for 3 h. Bacteria-bound CEACAMs
were precipitated at 5000 rpm for 5 min and washed twice with
PBS.

Analysis of bacterial uptake by flow cytometry

1x10° CEACAMB3-mKate2-expressing HL60 cells were
suspended in 1 ml phagocytosis buffer (PBS, 0.9 mM CaCl,,
0.5 mM MgCl,, 5 mM glucose, 1% heat-inactivated FCS).
Opasy-expressing N. gonorrhoeae (Ngo Opasy) or nonopaque
gonococci (Ngo Opa-) were re-suspended in 1 ml PBS, stained
by addition of 2 pg/ml carboxyfluorescein succinimidyl ester
(CFSE; Molecular Probes) for 20 min with constant shaking in
the dark, and then washed three times with PBS (4 min,
4000 rpm). Cells were infected for the indicated time at the
indicated multiplicity of infection (MOI) under gentle rotation
at 37 °C. To stop bacterial uptake, samples were washed with
ice-cold PBS, taken up in ice-cold phagocytosis buffer and
mixed with trypan blue (final concentration 0.2 mg/ml) to
quench the CFSE signal derived from extracellular bacteria
(31). Bacterial uptake was analyzed by flow cytometry using a
FACS Fortessa (BD Biosciences), and raw data were analyzed
using FlowJo software.

CEACAM3 phosphorylation and immunoprecipitation

CEACAM3 phosphorylation was achieved either by co-
transfection of 293T cells with constructs encoding the viral
kinase v-Src or by infection of CEACAM3-transfected cells with
Opas,-expressing N. gonorrhoeae. Thus, depending on the
assay, 293T cells were transfected to express the GFP-tagged
CEACAMS3 alone, or they were additionally cotransfected with
v-Src-encoding constructs. If cells were not cotransfected with
vSrc, they were infected with Opas,-expressing N. gonorrhoeae
(Opasy) or N. gonorrhoeae not expressing Opa adhesins (Opa-)
for 15 min 2 days after transfection (MOI 30). Transfected cells
were lysed in NP40 lysis buffer containing protease and phos-
phatase inhibitors (10 mM p-nitrophenyl phosphate, 1 mM
NazVO,). CEACAM3-GFP was purified by incubation at 4 °C
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for 3 h with GFP-trap nanobodies (Chromotek) coupled to
Sepharose beads followed by centrifugation (2700g, 5 min, 4 °C).
The beads were washed three times with NP40 lysis buffer and
taken up in 2xSDS.

Gentamicin protection assay

The day after transfection, 293T cells were seeded in trip-
licate into poly-L-lysine-coated 24-well plates at 5 x 10° cells/
well. Next day, cells were infected for 45 min at a MOI of
30 with Opasy-expressing N. gonorrhoeae (Opas,) or
N. gonorrhoeae that do not express Opa proteins (Opa-).
Extracellular bacteria were killed by 30-min incubation in
culture medium containing 100 ug/ml gentamicin. Infected
cells were lysed with 0.5% (w/v) saponin in PBS for 15 min, and
released bacteria were plated on GC agar plates at various
dilutions. Re-isolated colony forming units (cfu) were deter-
mined, and statistical analysis of three independent experi-
ments was performed using Student’s two-tailed ¢ test.

Fluorescence-based phosphatase assay with 4-MUP

Forty microliter of the recombinant purified phosphatase
domains of PTPR] or PTPRJ-D/A in phosphatase buffer
(50 mM Tris HCI, pH 8.0, 150 mM NaCl, 0.01% Tween, 2 mM
TCEP, and 4% BSA) were added to flat-bottomed black 384-
well plates in quadruplicate. The reaction was started by
adding 40 ul of 1 mM 4-MUP in phosphatase buffer (giving a
final concentration of 500 pM 4-MUP). Fluorescence in-
tensities of the hydrolyzed 4-MU (excitation 360 nm/emission
448 nm) were measured every 2 min for 60 min at 30 °C using
a microplate reader (Varioscan, Thermo Fisher Scientific).

In vitro phosphatase assay with malachite green

In vitro phosphatase assays were performed with CEA-
CAM3 phospho-peptides synthesized by Novopep: CEA-
CAM3-pY230: (Biotin-LPNPRTAASI[pY]EELLKHDTNIY
CRMDHKAEVAS) or CEACAM3-pY241: (Biotin-LPNPRTA
ASIYEELLKHDTNI[pY]CRMDHKAEVAS). Recombinant
6xHis-Sumo-labeled phosphatase domains of PTPR]J or
PTPRJ-D/A were incubated at 30 °C under constant shaking
with 100 pM CEACAM3 phospho-peptides in phosphatase
buffer (50 mM Tris HCl, pH 8.0, 150 mM NaCl, 0.01%
Tween20, 2 mM TCEP). After 60 min (or after the indicated
time), the reaction was stopped by adding the same volume of
malachite green solution (54 mM NH4Mo, 0.9 mM malachite
green in 1 M HCI). Ag15 nm Was measured using a microplate
reader (Varioscan, Thermo Fisher Scientific).

Immunofluorescence staining and confocal microscopy

For colocalization experiments, 2 x 10° 293T cells were
cotransfected with expression plasmids encoding for GFP-
tagged wildtype CEACAM3 or GFP alone together with
mScarlet, mScarlet-tagged myristoylated PTPR], or PTPR]J-D/
A. Cells were seeded onto poly-L-lysine-coated coverslips and
allowed to adhere for 2 h. Opas,-expressing N. gonorrhoeae
were suspended in PBS and stained with 4 pg/ml PacificBlue-
NHS (Molecular Probes). After washing the bacteria three
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times with PBS, the adherent cells were infected with MOI 30
for 1 h. The infected samples were washed with PBS and fixed
with 4% PFA in PBS for 20 min. Coverslips were washed three
times with PBS and mounted on glass slides using Dako
Mounting Medium (Dako). Finally, samples were imaged using
a Leica SP5 confocal microscope, and images were digitally
processed using Image].

To compare the surface expression of PTPR] in HL60-
CEACAM3-mKate control cells (sgCer) with that in the
HL60-CEACAM3-mKate-sgPTPR] cells (sgPTPR]), 5 x
10° cells each were seeded in 1 ml PBS in 24-well plates with
poly-L-lysine-coated coverslips and allowed to sink to the
bottom of the wells by centrifugation at 800 rpm for 4 min.
The PBS was aspirated, and samples were fixed with 4% PFA-
containing PBS for 20 min, washed three times with PBS, and
blocked with blocking solution (10% heat-inactivated FCS in
PBS) for 5 min. Cells were stained for 1 h with an a-PTPR]
antibody (clone 143-41, Santa Cruz; 1:100) or an IgG isotype
control antibody in blocking solution. After washing with PBS
and blocking with blocking solution for 5 min, cells were
treated with an Alexa Fluor 488-conjugated secondary goat
anti-mouse antibody (1:200) for 45 min in the dark. In addi-
tion, Hoechst33342 was added 15 min before the end of the
45-min incubation period to stain nuclear DNA. Samples were
washed three times with PBS and mounted on coverslips as
previously described.

Immunofluorescence staining for FACS analysis

1 x 10° cells were taken up in FACS buffer (5% FCS in PBS)
and transferred to Eppendorf tubes. Cells were centrifuged at
2.500 rpm for 2 min at 4 °C and incubated with the desired
concentration of the primary antibody in FACS buffer for 1 h on
ice. Samples were washed three times with FACS buffer and
were then incubated with the fluorescently labeled secondary
antibody in FACS buffer for 30 min at 4 °C in the dark. Cells were
washed as before, suspended in 600 pul FACS buffer, and trans-
ferred to FACS tubes. Finally, cells were analyzed by flow
cytometry (BD LSRII, FACSDiva software; BD Biosciences), and
obtained data were evaluated using the Flow]Jo software package.

Scanning electron microscopy

HL60 cells were seeded at 4 x 10* cells/well in phagocytosis
buffer on 12 mm glass coverslips coated with poly-L-lysine
(10 mg/ml). Cells were infected for 30 min with Opas,-
expressing N. gonorrhoeae at an MOI of 30 or were left un-
infected. Samples were fixed at 4 °C for a total of 60 min in
EM-fixative (0.1 M Hepes, pH 7.2, 3% formaldehyde, 2%
glutaraldehyde, 0.09 M sucrose, 0.01 M CaCl,, 0.01 M MgCl,)
that was renewed one time. Fixed samples were washed three
times with washing buffer (0.1 M Hepes, pH 7.2, 0.09 M su-
crose, 0.01 M CaCl,, 0.01 M MgCl,) and dehydrated in an
ethanol gradient, critical point dried with liquid CO, (BAL-
TEC SCD 030 Critical Point Dryer), and sputter-coated with
8 mm gold-palladium. Samples were imaged at 5 kV in a field
emission scanning electron microscope (Auriga; Carl Zeiss
AG). To estimate the size of lamellipodia, raw SEM images
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were opened in NIH Image] and the circumference of lamel-
lipodia from individual cells was marked with the “region of
interest selection” tool. For each lamellipodium, the area in
um? was determined.

Statistics

Data are presented as mean + SEM or mean + SD as indi-
cated in the figure legend. Statistical significance was deter-
mined with either a two-tailed Student’s ¢ test or a one-way
ANOVA followed by a Dunnett’s posttest, using Prism5
(GraphPad). The significance level was set at p < 0.05 and is
indicated by *p < 0.05; *p < 0.01; ***p < 0.001; or ns, not
significant. Further statistical details are provided in the figures
and figure legends.

Data availability

All data relevant to this study are included within this
manuscript.
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