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The Journal of Immunology

Fucosyltransferase Induction during Influenza Virus Infection
Is Required for the Generation of Functional Memory CD4+

T Cells

Roberto Tinoco, Florent Carrette, Monique L. Henriquez, Yu Fujita, and

Linda M. Bradley

T cells mediating influenza viral control are instructed in lymphoid and nonlymphoid tissues to differentiate into memory T cells

that confer protective immunity. The mechanisms by which influenza virus–specific memory CD4+ T cells arise have been attributed to

changes in transcription factors, cytokines and cytokine receptors, and metabolic programming. The molecules involved in these

biosynthetic pathways, including proteins and lipids, are modified to varying degrees of glycosylation, fucosylation, sialation, and

sulfation, which can alter their function. It is currently unknown how the glycome enzymatic machinery regulates CD4+ T cell effector

and memory differentiation. In a murine model of influenza virus infection, we found that fucosyltransferase enzymatic activity was

induced in effector and memory CD4+ T cells. Using CD4+ T cells deficient in the Fut4/7 enzymes that are expressed only in

hematopoietic cells, we found decreased frequencies of effector cells with reduced expression of T-bet and NKG2A/C/E in the lungs

during primary infection. Furthermore, Fut4/72/2 effector CD4+ T cells had reduced survival with no difference in proliferation or

capacity for effector function. Although Fut4/72/2 CD4+ T cells seeded the memory pool after primary infection, they failed to form

tissue-resident cells, were dysfunctional, and were unable to re-expand after secondary infection. Our findings highlight an important

regulatory axis mediated by cell-intrinsic fucosyltransferase activity in CD4+ T cell effectors that ensure the development of functional

memory CD4+ T cells. The Journal of Immunology, 2018, 200: 2690–2702.

T
he control of influenza viral infections depends on the
ability of virus-specific T cells that are activated in the
lymphoid compartment to migrate into the infected lungs

where viral replication occurs in epithelial cells (1). Although
CD8+ T cells ultimately control these viruses by eliminating in-
fected cells, CD4+ cells play key roles by providing help for CD8+

T cells, by the production of cytokines that control viral replica-
tion and elicit death of infected cells, and by direct cytotoxic
activity (2). As shown for CD8+ T cells, once the virus is cleared,
CD4+ T cells with the capacity to mediate protective memory

responses are generated (2). Although many aspects of the regulation
of effector and memory CD4+ T cell development in the response to
influenza viruses have been delineated, much less is known regarding
the role of adhesion mechanisms in these processes, including the
roles of the enzymatic machinery that modify adhesion molecules
engaging the endothelial expressed selectins, E and P. Selectins are
initiators of leukocyte extravasation into tissue in response to infec-
tion or injury. In response to the production of inflammatory cyto-
kines, P-selectin, which is stored constitutively in Weibel–Palade
bodies of endothelial cells, rapidly redistributes to the surface of
vascular endothelium, whereas E-selectin is induced de novo (3). The
role of endothelial selectins in the recruitment of leukocytes from
blood into tissue has been well studied. However, whether the
selectins and the enzymes that modify their ligands instruct the dif-
ferentiation of virus-specific CD4+ T cells toward memory during
influenza virus infection has not been established.
The binding of T cells to the endothelial selectins requires their

expression of ligands bearing terminal glycosylation that forms the
sialyl Lewis x (sLex) determinant that can be induced on PSGL-1 in
response to TCR activation (4). Regulation of glycosylation of T cell–
expressed E-selectin ligands that include CD44, CD43, and E-selectin
ligand-1, which are also modified with sLex, has not been studied as
extensively. Previous studies have demonstrated that naive T cells
lack selectin-binding activity, but that inflammation (5) and proin-
flammatory cytokines (6) can elicit selectin binding by activated
CD4+ T cells, regulated in part by transcription factors T-bet and
STAT4 (5, 7). These conditions and TCR stimulation in conjunction
with IL-12 (8) or TGF-b1 (9) in vitro can contribute to the induction
of fucosyltransferase 7 (Fut7), which mediates the addition of the
terminal fucose of sLex to PSGL-1 on CD4+ T cells that is required
for selectin binding (10). The Fut7 gene is expressed in hematopoi-
etic cells and in high endothelial venules (11). It is constitutively
expressed in myeloid cells and its germline deletion, together with the
Fut4 gene, which adds the terminal fucose of sLex to glycolypids (12)
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in addition to selectin ligands, completely abolishes selectin binding
by all cells in mice (13). In vivo, selectin binding by CD4+ T cells is
primarily induced on naive cells responding in peripheral lymph
nodes (LN) (14) and has been previously shown to regulate the mi-
gration of CD4+ and CD8+ effector cells into inflamed skin (15).
Although selectin binding is expressed by a large fraction of CD4+

T cells in the lungs of influenza virus–infected mice (16), whether
selectins play a prominent role in the recruitment of CD4+ effector
T cell to the lungs or selectin binding defines CD4+ effector cells that
differ in functional capacity has not been studied with influenza virus
infection. In addition, although it is known that selectin-binding CD4+

T cells can persist as memory cells (17), it is not known whether
induction of the capacity for selectin binding distinguishes subsets of
CD4+ cells with the capacity to form memory.
In this study we show that P-selectin is highly expressed in the

lungs after influenza virus infection, and use an adoptive-transfer
approach to demonstrate that selectin-binding capacity, as indi-
cated by binding of P-selectin to PSGL-1, is induced on a subset of
virus-specific CD4+ T cells in the draining mediastinal LN, and
distinguishes the majority of CD4+ T cells in the lungs. However, P-
selectin binding was not required for the migration of CD4+ T cells
into the lungs. Because both E- and P-selectin could contribute to the
development of responses of CD4+ effector cells in the lungs, we
analyzed the responses of CD4+ cells deficient in Fut4 and Fut7 that
are unable to bind selectins. Although these T cells generated primary
responses to influenza virus infection, with comparable proliferation
and cytokine production, they were recovered in lower numbers due
to increased apoptosis, and displayed lower levels of T-bet. Although
these CD4+ effector cells persisted as memory cells, they failed to
form tissue-resident memory cells and were unable to generate sec-
ondary responses upon influenza virus challenge. Our results show
that induction of fucosyltransferase enzymes is necessary for the
differentiation of CD4+ effector cells with the capacity to form
functional memory to influenza viruses.

Materials and Methods
Mice

C57BL/6J mice were purchased from the Jackson Laboratory then bred in
specific pathogen-free facilities and maintained in biosafety level 2 facilities
postinfection in the Sanford Burnham Prebys Institute vivarium. C57BL/6J
mice were bred to Ly5.1 (B6.SJL-Ptprca Pepcb/BoyJ) and OT-II TCR
transgenic (Tg) mice to generate wild-type (WT) CD45.1 OT-II Tg ani-
mals. Fut4/72/2 were obtained from J.B. Lowe and bred with Thy1.1 (B6.
PL-Thy 1a/CyJ) and OT-II Tg mice to generate Fut4/72/2 Thy1.1 OT-II Tg
animals. All mice used were males between 6 and 8 wk of age. All ex-
periments were approved by the Sanford Burnham Prebys’s institutional
animal care and use committee.

T cell enrichments and sorting

CD4+ T cells were negatively enriched (Stemcell Technologies) from
spleens of WT OT-II and Fut4/72/2 OT-II Tg mice. T cells were coinjected
i.v. (3.5 3 105 each) into WT recipients at 1:1 ratios and mice infected
with influenza viruses 1 d later. For secondary challenge experiments,
PR8-OVAII–infected mice were rested to 30 d postinfection (dpi) and
spleens were isolated and negatively enriched for CD4+ T cells. WT
(CD45.1) and Fut4/72/2 (Thy1.1) Tg T cells were stained and live cells
sorted (propidium iodide negative). WT and Fut4/72/2 Tg T cells were
coinjected i.v. at a 1:1 ratio (5000 cells each) into WT recipients.

Infections

Influenza viruses were grown in chicken eggs (10 d of embryonation) and
titrated with Madin-Darby canine kidney cells for PFUs. An infective dose
that elicited optimal T cell responses without weight loss was used. The
viruses were administered intranasally (i.n.) (50 ml) after mice were
anesthetized with ketamine (i.p. injection). The engineered influenza A
viruses (IAV) Puerto Rico/8/34-OVAII (PR8-OVAII, H1N1) and Hong
Kong Aichi/2/68 (HKx31-OVAII, H3N2) that express the OVA323–339

peptide recognized by OT-II CD4+ T cells (18, 19). WT mice that received

purified OT-II CD4+ T cells were infected with the indicated viruses and
T cell numbers enumerated at the indicated time points during the primary
and secondary response.

Flow cytometry

Lungs, draining LN (dLN), and spleens were isolated, processed by me-
chanical disruption, and counted. The lungs were further processed using
the mouse lung dissociation kit and gentleMACS (Miltenyi Biotec) before
counting. For cell surface staining, 2 3 106 cells were incubated with Abs
in staining buffer (PBS, 2% FBS, and 0.01% NaN3) for 20 min at 4˚C.
Transcription factor staining and detection of cleaved caspase-3 were
performed with protocols from eBioscience. For P-selectin staining, cells
were incubated with surface Abs and purified mouse P-selectin IgG fusion
protein (555294; BD) in P-selectin binding buffer (DMEM with calcium,
0.1% NaN3, 0.5% BSA), followed by secondary staining with goat anti-
human IgG (Jackson ImmunoResearch). All staining was done in 96-well
plates. LSRFortessa and LSRFortessa 320 flow cytometers (BD) were
used for analysis. The following Abs were used from BioLegend: anti-CD4
(GK1.5), anti-Thy1.1 (OX-7), anti-CD45.1 (A20), anti–T-bet (4B10), anti-
sLex (FH6), anti–IFN-g (HMG1.2), anti–TNF-a (MP6-XT22), anti-CD29
(HMB1-1), anti-CD11a/CD18 (H155-78); from BD: anti-NKG2A/C/E
(20d5), anti-Vb5.1.2 (MR9-4), anti-CD49e (HMalpha5-1), anti-CD49a
(Ha31/8); from eBioscience anti-BrdU (Bu20a), anti-CD127 (A7R34);
and from R&D Systems: anti–P-selectin (AF737).

T cell stimulation

For cytokine production, CD4+ T cells were assessed after culture with
PMA (10 ng/ml) and ionomycin (0.5 mg/ml) for 5 h at 37˚C. The culture
medium was RPMI 1640 containing 10 mM HEPES, 1% nonessential
amino acids and L-glutamine, 1 mM sodium pyruvate, 10% heat-
inactivated FBS, antibiotics, 50 U/ml IL-2 (National Cancer Institute),
and 1 mg/ml Brefeldin A (Sigma). For intracellular staining in lungs, APCs
were first prepared from spleens from uninfected mice. Splenocytes were
incubated with dextran sulfate (25 mg/ml; Sigma) and LPS (25 mg/ml;
Sigma) for 48 h at 37˚C. APCs were washed and treated with mitomy-
cin C (25 mg/ml; Sigma) for 30 min at 37˚C, washed twice, and resus-
pended in culture medium. Lungs from infected mice were then incubated
with OVA323–339 (2 mg/ml), APCs, 50 U/ml IL-2 (National Cancer
Institute), and 1 mg/ml Brefeldin A for 24 h. Cells were surface stained,
fixed, permeabilized, and then stained for cytokines (protocol from BD
Biosciences).

In vivo proliferation

Mice were injected i.p. with 2 mg BrdU (Sigma-Aldrich) 16 hr before
removing the lungs, dLN, and spleen. Proliferation of CD4+ T cells was
measured after negative enrichment (Stemcell Technology) followed by
coinjection of T cells (3.5 3 105 cells of each) i.v. into WT mice that were
infected with PR8-OVAII i.n. CFSE dilution was analyzed in the dLN at
6 dpi.

In vivo labeling

WTor Fut4/72/2 OT-II T cells were coinjected into WT hosts and infected
with PR8-OVAII i.n. 1 d later. At 8 dpi mice were injected with 3 mg
(200 ml) APC-labeled anti-CD4 (RM4-5) Ab i.v. for 4 min, lungs were
harvested, processed, and stained with BV605 anti-CD4 (GK1.5 clone).
Cells were acquired by flow cytometry and CD4+ T cells in the vasculature
(APC+BV605+), and parenchyma (APC2BV605+) were quantified.

Histology

Lungs were isolated from uninfected and PR8-OVAII–infected mice. Tis-
sues were fixed in zinc formalin (Z-fix; Anatech), embedded in paraffin,
and sectioned. For staining, tissues were deparafinized, blocked with avi-
din for 15 min at room temperature (RT) washed, blocked with biotin for
15 min at RT, then washed and blocked with 2% rabbit blocking serum for
30 min at RT. Without washing, primary anti–P-selectin Ab (AF737; R&D
Systems) was added at 1:200 dilution for 1 h at RT then washed with
PBS. Secondary biotinylated anti-goat IgG (Vector) was added at 1:300 for
30 min at RT, then washed with PBS. Avidin/biotin complex (peroxidase
substrate from Vector) was added for 20 min RT, washed with PBS, and
then incubated with diaminobenzidine (Broun Chromogen from Vector)
for 5 min at RT. Sections were finally counterstained with hematoxylin.
Slides were digitally scanned with an Aperio ScanScope. When conduct-
ing the lung inflammation scoring, to quantify the lung inflammation five
sections across the main bronchus of each animal were randomly selected
and given scores ranging from 0 to 3 based on the level of peribronchial
and perivascular inflammation. The values were given according to the
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following inflammatory parameters: 0, when no inflammation was de-
tectable; 1, for occasional cuffing with inflammatory cells; 2, for most
bronchi or vessels surrounded by a thin layer (one to five cells) of in-
flammatory cells; and 3, when most bronchi or vessels were surrounded by
a thick layer (more than five cells) of inflammatory cells (20).

Data analysis

Flow cytometry data were analyzed with FlowJo software (Tree Star).
Graphs were prepared with GraphPad Prism software. GraphPad Prism was
used for statistical analysis to compare outcomes using a two-tailed un-
paired Student t test; significance was set to p , 0.05 and represented as
*p , 0.05, **p , 0.005, ***p , 0.001. Error bars show SEM.

Results
P-selectin levels are increased in lungs during influenza
viral infection

To determine if cellular recruitment was associatedwith the expression
of selectins in response to influenza virus infection, we analyzed
inflammatory infiltrates and the expression of P-selectin in the lungs of
uninfected mice and mice infected with PR8-OVAII IAV (18) at 6 and
8 dpi. As previously described for human lungs (21), P-selectin was

expressed in much of the bronchial microvasculature as well as the
arterioles and venules in uninfected mice (Fig. 1A, 1B). At 6 dpi,
staining for P-selectin was widespread rather than confined to the
vasculature (Fig. 1A, 1B). The diffuse staining pattern could reflect
association with soluble P-selectin, which is released in response to
inflammation (22), and with platelet-expressed P-selectin following
their activation (23). Mononuclear infiltrates were a prominent feature
with cells surrounding the airways and within the interstitium. By
8 dpi, when viral clearance is occurring (24), P-selectin expression
remained detectable on the airway vasculature, and infiltrates
remained present (Fig. 1A, 1B). These data indicated that P-selectin
expression in the lung was sustained during the T cell effector phase
of the response to IAV, and support the potential for selectins to
regulate the CD4+ T cell response to this infection.

P-selectin binding distinguished distinct populations of
effector and memory CD4+ T cells

To evaluate whether virus-specific CD4+ T cells acquired the ca-
pacity to bind selectins during the development of influenza virus–
specific effectors, we performed adoptive transfer of naive OT-II

FIGURE 1. P-selectin expression and P-selectin binding are increased during influenza viral infection in the lung. (A) WT mice were infected with PR8-

OVAII i.n. and their lungs isolated at the indicated time points. Representative sections shown are at original magnification 320 and black arrows indicate

P-selectin staining (brown). (B) Inflammation score and P-selectin staining in lungs. (C) Number of P-selectin binding (Psel+) and nonbinding (Psel2) OT-II

T cells at 8 dpi. (D) P-selectin binding by dividing cells in dLN at 6 dpi, gated on CD4+CD45.1+ cells. (E) Cytokine production by Psel2 and Psel+ OT-II

T cells in dLN at 8 dpi, gated on CD4+CD45.1+Psel2 or CD4+CD45.1+Psel2. Data are representative of three independent experiments with $5 mice per

group. Error bars indicate SEM. A two-tailed unpaired Student t test statistical analysis was used to compare outcomes. Significance was set to p, 0.05 and

represented as *p , 0.05.
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TCR Tg CD4+ cells marked by CD45.1 into WT (CD45.2) re-
cipients at the time of infection with PR8-OVAII IAV (19). To
detect selectin binding, we used a recombinant murine P-selectin
human Fc fusion protein, which binds only to PSGL-1 that ex-
presses sLex. As shown in Fig. 1C, P-selectin binding is acquired
by a subset of responding CD4+ cells in both the lymphoid
compartment and in the lungs, where the majority of effector cells
were found to bind P-selectin (P-sel+). A comparison of the ab-
solute numbers of P-sel+ cells at the peak of the effector response
at 8 dpi in the lung, dLN, and spleen (Fig. 1C) shows these cells
are most abundant in the lungs, and supports the concept that these
cells represent a major component of the more differentiated
CD4+ effector cells that become established in the lungs (25). To
test this prediction, we analyzed the induction of P-selectin
binding with respect to division by OT-II cells in the dLN post-

infection with PR8-OVAII. Consistent with previous studies (14,
26), at 6 dpi the capacity for P-selectin binding was acquired by a
subset of OT-II cells that had undergone division, with a pro-
gressive increase in binding by those CD4+ effector cells that had
undergone multiple rounds of division (Fig. 1D). These cells also
displayed a greater capacity for IFN-g production (Fig. 1E). These
results showed that acquisition of P-selectin binding capacity
distinguishes CD4+ T cells that have acquired greater effector
function during the response to IAV.
To address whether P-sel+ effector cells could be distinguished

after the peak of the effector phase at 8 dpi, we examined the
kinetics of P-sel+ cells to 30 dpi, a time point by which the virus is
cleared and memory cells are formed. As shown in Fig. 2A, P-
selectin binding is maintained by the majority of virus-specific
CD4+ cells in the lungs. P-sel+ cells were also maintained in the

FIGURE 2. Fucosyltransferase activity is upregulated and maintained on subsets of effector and memory CD4+ T cells. (A) P-selectin binding in OT-II

CD4+ T cells in the indicated organs during PR8-OVAII influenza viral infection. (B) Representative FACS plots showing P-selectin binding and IL-7Ra

expression in the indicated tissues during influenza viral infection, gated on CD4+CD45.1+ cells. Data are representative of three independent experiments

with $5 mice per group. Error bars indicate SEM.
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lymphoid compartment, and although the frequencies were lower,
they were stable over time. In addition, both P-sel+ and P-sel2

subsets of OT-II cells acquired IL-7Ra expression by 8 dpi in the
lymphoid tissues and the lungs (Fig. 2B). These data demonstrate
that the capacity for P-selectin binding does not determine or alter
the ability of CD4+ T cells to persist as memory cells. Because a
significant fraction of cells in the lungs did not bind P-selectin, it
is unlikely that engagement of P-selectin plays a nonredundant
role in CD4+ T cell recruitment into the lungs in response to in-
fluenza virus infection or for their retention in the lungs after the
virus is cleared (27).

Cell-intrinsic fucosyltransferase induction is required for
optimal CD4+ T cell expansion during primary influenza
viral infection

Because P-selectin binding is exclusively mediated by PSGL-1, but
Fut7 regulates the addition of fucose to sLex on E-selectin binding
proteins, it is possible that fucosylation of selectin ligands dis-
tinguishes a broader population of highly differentiated CD4+

effectors. Therefore, to address the role of fucosyltransferase in-
volved in selectin-ligand biosynthesis in the regulation of the
CD4+ T cell response to IAV, we crossed mice that cannot gen-
erate functional selectin ligands due to deletion of the Fut7 and
Fut4 genes (13) to OT-II Thy 1.1 mice. We cotransferred equal
numbers of OT-II cells from Fut4/72/2 mice (Thy 1.1, CD45.2)
and WT mice (Thy 1.2, CD45.1) and assessed the kinetics of their
response to PR8-OVAII infection in naive hosts (Thy 1.2, CD45.2).
As seen in Fig. 3A, comparable kinetics of response were observed in
the mediastinal dLN and spleen, although the frequency of Fut4/72/2

OT-II cells was consistently 2–3 fold lower than that of WT OT-II
cells from 8 dpi. However, the recovery of Fut4/72/2OT-II cells from
the lungs was significantly lower, and decayed compared with that of
WT cells (Fig. 3A). This conclusion is supported by the absolute
numbers of WT and Fut4/72/2 OT-II cells that are recovered at the
peak of the response at 8 dpi (Fig. 3B), and at 21 dpi (Fig. 3C) when
the virus Ags are cleared (28).

Fut4/7 activity enhanced CD4+ T cell survival during primary
influenza viral infection

To address whether a potential effect on homing of CD4+ cells to
the lungs accounted for the decrease in recovery from this site, we
analyzed the frequencies of WT and Fut4/72/2 OT-II cells at 4 d

after cotransfer and PR8-OVAII infection (Fig. 4A). At this time,

we did not detect differences in the recovery of WT or Fut4/72/2

OT-II cells in the lung, dLN, or spleen; however, by 6 dpi we

detected decreased frequencies of Fut4/72/2 OT-II T cells in all

tissues examined (Fig. 4B). These data suggest a comparable

initial response with a modest ability of WT cells to out-compete

Fut4/72/2 cells in the lymphoid compartment but a dramatic

impact on the response in the lungs. To directly test address

whether Fut4/72/2 deficiency affected proliferation, we analyzed

BrdU uptake in WT and Fut4/72/2 OT-II cells. We did not detect

differences in the frequencies of dividing cells at 8 dpi (Fig. 4C,

4D) in any of the tissues examined, despite the differences in

recovery of WT and Fut4/72/2 OT-II in the lungs. These results

suggest that the survival of Fut4/72/2 OT-II cells could be im-

paired. To test this possibility, we evaluated apoptosis of WT and

Fut4/72/2 OT-II cells at 8 dpi by measuring the levels of cleaved

Caspase 3, together with propidium iodide staining immediately

ex vivo, and observed markedly greater cell death in Fut4/72/2

than WT OT-II cells in the lungs and lymphoid tissues (Fig. 5A,

5B). These data imply that expression of fucosyltransferase genes

in CD4+ effector responses to IAV infection plays a role in

maintaining their survival.
To determine if WT and Fut4/72/2 OT-II were differentially

distributed in the vasculature versus parenchyma lungs, which
could potentially account for differences in survival factor usage
(29), WT or Fut4/72/2 OT-II T cells were coinjected into WT
hosts and infected with PR8-OVAII. At 8 dpi mice were injected
i.v. with APC-labeled anti-CD4 (RM4-5) Ab for 4 min. The lungs
were harvested, processed, and stained with BV605-labeled anti-
CD4. This approach distinguishes CD4+ T cells in the vasculature

FIGURE 3. Fucosyltransferase-deficient CD4+ T cells can respond during primary influenza infection. (A) WT and Fut4/72/2 OT-II CD4+ T cells were

cotransferred into WT mice and infected with PR8-OVAII i.n. CD4
+ T cell frequencies in lung, dLN, and spleen are shown at the indicated time points

postinfection. The absolute numbers of WT and Fut4/72/2 OT-II T cells are shown at 8 dpi (B) and 21 dpi (C). WT cells were gated by CD4+CD45.1+ and

Fut4/72/2 cells by CD4+Thy1.1+ staining. Data are representative of three independent experiments with $5 mice per group. Error bars indicate SEM. A

two-tailed unpaired Student t test statistical analysis was used to compare outcomes. Significance was set to p , 0.05 and represented as *p , 0.05, **p ,
0.005, and ***p , 0.001.
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(APC+BV605+) and parenchyma (APC2BV605+). We did not
observe differences in the distribution of WT and Fut4/72/2

(Fig. 5C) between the two compartments, further supporting the
conclusion that the capacity for localization in the lungs is not
impaired by Fut4/7 deficiency.

Altered effector CD4+ T cell differentiation occurred in the
absence of Fut4/7 enzymes

To further assess whether effector function was affected by Fut4/7
deficiency, we analyzed the production of IFN-g and TNF-a by
cotrasferred WT and Fut4/72/2 OT-II cells at 8 dpi. We found
comparable production of these cytokines in the lungs, dLN, and
spleen (Fig. 5D, 5E), suggesting that CD4+ effector T cell function
was not compromised with Fut4/7 deficiency. To further assess the
extent of activation and differentiation of CD4+ effector cells in
the lungs, we analyzed the expression NKG2A/C/E, which dis-
tinguishes the most differentiated Th1 effector cells that coexpress
P-selectin binding only in the lungs after IAV infection (30).
Whereas a notable fraction of WT OT-II cells induced expression
of NKG2A/C/E, which was found only P-selectin binding cells,
comparatively few Fut4/72/2 OT-II cells expressed NKG2A/C/E
(Fig. 6A), supporting the hypothesis that fucosyltransferase in-
duction altered effector differentiation in response to IAV in the
lungs. To further assess CD4+ effector T cell differentiation, we
analyzed the transcription factor T-bet, whose high expression
marks the most differentiated Th1 effector cells (31). As shown in

Fig. 6B, at 8 dpi the frequency of T-bet–expressing OT-II cells was
significantly lower in Fut4/72/2 effector cells compared with WT
effector cells in the lungs, where expression was strongly asso-
ciated with P-sel+ cells. No differences in T-bet levels were found
in WT versus Fut4/72/2 cells in the lymphoid compartment (data
not shown).

Fucosyltransferase activity during primary influenza infection
is required for the generation of functional memory CD4+

T cells

Because both WT versus Fut4/72/2 OT-II cells were recovered at
21 dpi in the lymphoid compartment and lungs, after viral clear-
ance has occurred (Fig. 3C), Fut4/7 deficiency does not appear to
prevent the persistence of OT-II cells after the contraction of the
primary response. However, the extent of CD4+ effector T cell
differentiation can impact memory formation, with more differ-
entiated cells becoming terminal, displaying a decreased capacity
for response to secondary challenge (32, 33). Therefore, we
evaluated the recall responses of WT versus Fut4/72/2 OT-II cells
in mice that were initially infected with 331-OVAII influenza, a
virus that expresses the internal proteins of PR8, but is serotype
H3N2 (19). At 28 dpi, these mice were challenged with PR8-
OVAII, which is serotype H1N1. As depicted in Fig. 7A, the ki-
netics of the primary response were comparable to those seen with
PR8-OVAII, (Fig. 3A). However, at 30 dpi after primary infection,
Fut4/72/2 OT-II cells failed to increase in number during the

FIGURE 4. CD4+ T cells deficient in fucosyltransferase activity can home to tissues and proliferate like WT T cells during primary influenza viral

infection. WT and Fut4/72/2 OT-II CD4+ T cells were cotransferred into WT mice and infected with PR8-OVAII i.n. (A) WT and Fut4/72/2 OT-II effector

T cell infiltration in the indicated tissues 4 dpi and (B) 6 dpi. (C) BrdU incorporation in WT and Fut4/72/2 T cells at 8 dpi and representative FACS plots

(D). WT cells were gated by CD4+CD45.1+ and Fut4/72/2 cells by CD4+Thy1.1+ staining. Data are representative of two independent experiments with$5

mice per group. Error bars indicate SEM. A two-tailed unpaired Student t test statistical analysis was used to compare outcomes. Significance was set to

p , 0.05 and represented as ***p , 0.001.
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secondary response compared with WT OT-II cells in response to
challenge with PR8-OVAII (Fig. 7B). These data suggest the
possibility that, as memory cells, Fut4/72/2 OT-II cells failed to
optimally survive during the secondary effector response.
We next evaluated whether WT and Fut4/72/2 OT-II memory

T cells differed with respect to their memory phenotype. We
categorized T central memory (TCM, CD62L

+), T effector memory
(TEM, CD62L

2), and T resident memory (TRM, CD62L
2CD69+

CXCR3+) cells at 30 dpi. We found increased frequencies of Fut4/
72/2TCM cells compared with WT TCM cells in all tissues ex-
amined (Fig. 8A). Fut4/72/2 TEM cells were also increased in
lungs and dLN, but decreased in the spleen. Significantly, we
found decreased frequencies of Fut4/72/2 TRM cells compared
with WT TRM cells in lungs and dLN and few TRM cells from
either population in the spleen (Fig. 8A). These data further
support the concept that fucosyltransferase activity alters effector
cell differentiation and is critical in the generation of TRM cells
after influenza infection. No differences in LFA-1 or b1-integrin
were observed, but the frequencies of Fut4/72/2 memory T cells
expressing a1-integrin were decreased in lungs and dLN (Fig. 8B),
a surface protein that has previously been linked CD4+ T cell
resistance to apoptosis in the lungs (34).

Because greater frequencies of WT than Fut4/72/2 OT-II cells
persist after resolution of the primary response, it is possible that
differences between the recall responses of two donor pop-
ulations were at least in part due to a lower frequency of Fut4/
72/2 memory cells at the time of challenge. Because both WT
and Fut4/72/2 OT-II cells persisted in sufficient numbers at 21
dpi with PR8-OVAII (Fig. 3), for further study at 30 dpi we
sorted WT and Fut4/72/2 donor populations from spleens based
on CD45.1 and Thy 1.1, respectively, and cotransferred them in
equal numbers (5 3 103 each) into naive WT recipients that
expressed Thy1.2, CD45.2 (Fig. 9A). We assessed their capacity
to respond to infection with PR8-OVAII. Remarkably, we dem-
onstrate an almost complete failure of Fut4/72/2 OT-II memory
cells to accumulate in either lymphoid tissues or the lungs
(Fig. 9B, 9C) in response IAV infection. The increased numbers
of WT OT-II versus Fut4/72/2 OT-II memory cells (Fig. 9C)
were not due to changes in their proliferation as shown by
similar BrdU uptake at 8 dpi (Fig. 9D). These data support the
conclusion that induction of fucosyltransferase enzymes con-
tributes to the optimal generation of CD4+ T cell effectors with
the capacity to form functional memory cells and re-expand after
secondary challenge (33).

FIGURE 5. Fucosyltransferase-deficient CD4+ T cells had increased apoptosis and similar cytokine production. WT and Fut4/72/2 OT-II CD4+ T cells

were cotransferred into WT mice and infected with PR8-OVAII i.n. and tissues analyzed at 8 dpi (A–E). (A) Frequencies of Caspase3+ cells in lung. (B)

Frequencies of Caspase3+ and propidium iodide+ cells in dLN and spleen. (C) OT-II T cell positioning in lung vasculature and parenchyma after in vivo Ab

labeling. Cytokine production in the lung (D) and dLN and spleen (E). Data are representative of two (A and B) or three (C–E) independent experiments with

$5 mice per group. WT cells were gated by CD4+CD45.1+ and Fut4/72/2 cells by CD4+Thy1.1+ staining. Error bars indicate SEM. A two-tailed unpaired

Student t test statistical analysis was used to compare outcomes. Significance was set to p , 0.05 and represented as *p , 0.05 and **p , 0.005.
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Discussion
In this study we establish that binding of endothelial selectins is not
required for the migration of influenza virus–specific CD4+ T cells into

the lungs or localization within the lungs postinfection, but that the

ability to generate selectin ligands by the induction of fucosyltransferase

enzymes that control the addition of terminal fucose residues on gly-

coproteins and glycolipids is required for optimal effector responses and

the development of functional memory cells. These results demonstrate

that the ability to synthesize these enzymes is part of the differentiation

program that supports effector and memory generation of CD4+ T cells

in response to influenza virus infections, potentially irrespective of the

generation of functional selectin ligands on selected proteins that in-

clude PSGL-1, CD43, and CD44.
Peripheral T cells undergo extensive changes in glycosylation in

response to activation and differentiation (35). Terminal fucosylation is
a common modification found on many N-glycans, mucin O-GalNAc
glycans, and glycolipids (36). At least 10 fucosyltransferases (FUT1–7
and FUT9–11) can function to add terminal fucose to oligosaccharide
chains on these molecules, leading to diverse biological functions and
considerable redundancy (37). Studies in mice have shown that Fut4
and Fut7 are functionally redundant, and the much weaker contribution
of Fut4 to fucosylation of selectin ligands to form sLex was only
revealed in the context of Fut7 deficiency (13). We examined Fut4/7
activity in CD4+ T cells by detecting P-selectin binding by PSGL-1.

This receptor, however, is only one of the many molecules that are
modified by these enzymes. It is possible that many more proteins and
lipids are temporally and spatially fucosylated during T cell
differentiation, which ensures the generation of functional memory
T cells and secondary effectors.
We considered the possibility that P-selectin could contribute to

the regulation of CD4+ effector T cell recruitment into the lungs in
the response to influenza viruses because of our finding that it is
widely expressed on the vasculature of the airways postinfection.
Our analyses of P-selectin binding as a readout of sLex expression
by PSGL-1 on influenza virus–specific CD4+ T cells revealed that
P-selectin binding was highly induced on effector cells that had
undergone multiple rounds of division in vivo in the dLN, as
previously found in an in vitro analysis that linked increased P-
selectin binding to the expression levels of Fut7 (26). In our study,
the P-sel+ population contained a greater frequency of IFN-g–
producing cells in the lymphoid compartment and lungs after in-
fluenza virus infection. In addition, in the lungs, a significant
proportion of the P-sel+ cells coexpressed the NKG2D/A/C/E
receptor(s) that were identified as having immunostimulatory
functions in NK cells (38), and have recently been shown to
distinguish highly differentiated CD4+ T cells that express CTL
function in the lung in response to influenza virus infection (30).
Given that the highest frequency of P-sel+ cells was found in the
lungs, these findings support the concept that the capacity for

FIGURE 6. Fucosyltransferase-deficient CD4+ T cells cannot engage P-selectin and have reduced T-bet and NKG2A/C/E expression. WT and Fut4/72/2

OT-II CD4+ T cells were cotransferred into WT mice and infected with PR8-OVAII i.n. (A) Frequencies of NKG2A/C/E and P-selectin binding at 8 dpi.

(B) Frequencies of T-bet and P-selectin binding at 8 dpi. WT cells were gated by CD4+CD45.1+ and Fut4/72/2 cells by CD4+Thy1.1+ staining. Data are

representative of two independent experiments with $5 mice per group. Error bars indicate SEM. A two-tailed unpaired Student t test statistical analysis

was used to compare outcomes. Significance was set to p , 0.05 and represented as **p , 0.005 and ***p , 0.001.

The Journal of Immunology 2697



selectin binding marks highly differentiated effector CD4+ T cells.
However, because the P-sel2 subset also contained cells that had
undergone multiple divisions, induction of P-selectin–binding
capacity is not required for CD4+ effector T cell differentiation. In
addition, E-selectin binding is detectable on CD4+ T cells
responding to influenza virus infection in the lungs, which could
contribute to T cell recruitment/responses in this site (16). How-
ever, a greater frequency of CD4+ T cells activated in vitro under
non–Th subset–polarizing conditions bind P-selectin than E
selectin, whose binding is distinctly regulated (8). Thus, it remains
possible that P-selectin without E-selectin binding can distinguish
a subset of primary CD4+ effector T cells. Moreover, although
Fut7 expression can be induced in the majority of CD4+ T cells
cultured under Th1 conditions that favor Fut7 induction (39), the
observed heterogeneity may reflect differences in the extent of
effector differentiation or dynamic regulation of expression levels
of sLex in the presence of continuous stimulation.
Our finding that P-selectin–binding cells persist into the mem-

ory phase after influenza virus infection demonstrates that, unlike
CD8+ memory cells (40), fucosylation can be maintained on CD4+

T cells after the resolution of the response, consistent with a
previous report that epigenetic modifications can sustain Fut7
transcription (26). It has been suggested that maintenance of
selectin-binding activity could distinguish effector memory from
central memory cells that have a greater capacity for self-renewal
in the lymphoid compartment (10). However, it is not yet known

whether there are differences in the capacity of selectin binding
and nonbinding CD4+ memory T cells to respond to challenge.
Because Fut4 and Fut7 are primarily known to regulate cell

adhesion and migration, it is notable that deficiency of these
enzymes is sufficient to cause CD4+ T cell–intrinsic dysfunction,
which was primarily linked to impaired survival rather than ap-
parent differences in proliferation, cytokine responses, or migra-
tion. Although the survival defect was relatively modest in the
lymphoid compartment, much greater loss of Fut4/72/2 compared
with WT CD4+ T cells in the lungs is could reflect a more terminal
effector phenotype with greater susceptibility to TCR/Fas-
mediated activation-induced cell death in the site of infection, or
greater susceptibility to apoptosis inducing cytokines such as
TNF-a. Because increased apoptosis of Fut4/72/2 CD4+ effector
T cells also occurred in dLN, this reduction in cell number could
also account for decreased Fut4/72/2 CD4+ T cells leaving the LN
and entering the infected lungs where these cells could encounter
additional differentiation signals. Because we observed decreased
survival of Fut4/72/2 CD4+ T cells during primary infection, it is
possible that Fut4/7 induction also ensures survival of secondary
effectors as we did not detect differences in their proliferation.
Although fucosyltransferases have not been previously linked to
T cell survival, studies of FUT7-transfected human hep-
atocarcinoma cells showed that enzyme expression resulted in
decreased susceptibility to radiation-induced apoptosis (41). FUT7
expression in these cells was also found to upregulate integrin a5

FIGURE 7. Defective secondary

expansion of fucosyltransferase-de-

ficient memory CD4+ T cells during

secondary influenza infection. WT

and Fut4/72/2 OT-II CD4+ T cells

were cotransferred into WT mice

and infected with PR8-OVAII i.n. (A)

Frequencies of WT and Fut4/72/2

OT-II expansion in lung, dLN, and

spleen during primary influenza in-

fection at the indicated time points.

(B) PR8-OVAII immune mice were

reinfected with 331-OVAII. Fre-

quencies of WT and Fut4/72/2

memory T cell expansion postin-

fection in lung, dLN, and spleen at

the indicated time points. WT cells

were gated by CD4+CD45.1+ and

Fut4/72/2 cells by CD4+Thy1.1+

staining. Data are representative of

three independent experiments with

$5 mice per group. Error bars in-

dicate SEM. A two-tailed unpaired

Student t test statistical analysis was

used to compare outcomes. Signi-

ficance was set to p , 0.05 and

represented as *p , 0.05 and **p ,
0.005.
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and their adhesion to its receptor, fibronectin (42). Upregulation of
integrin a5 has been implicated in cancer cell survival in several
conditions, including hypoxia (43). Importantly, integrin a5 in
association with integrin b1 (a5b1) promotes adhesion of Jurkat
T cells to fibronectin through the P-selectin ligand, PSGL-1,
which requires PI3K activation (44). Whether upregulation of
a5b1 is associated with induction of Fut7 on T cells has not been
examined, and although we did not detect differences in a5 ex-
pression with Fut4/7 deficiency, we did observe decreased ex-
pression of integrin a1, which has previously been linked to CD4+

T cell survival (34), and engagement of the extracellular matrix
is a fundamental mechanism that maintains cell survival (45).
Expression of FUT1 and FUT4 has also been associated with
tumor growth and survival (46), providing additional evidence for
the role(s) of fucosylation-dependent regulation.
In addition to regulating the functions of multiple adhesion

receptors, fucosylation can directly regulate T cell effector re-
sponses. In a T cell transfer model of colitis, Fut82/2 CD4+ T cells
were markedly less pathogenic than WT CD4+ T cells and pro-
duced reduced levels of Th1 cytokines, outcomes that were linked
to the lack of core 2 O-glycan fucosylation of CD3 that resulted in
impaired TCR signaling. Like Fut7, Fut8 is induced in effector

T cells in vivo (ImmGen database). Our finding that CD4+ T cells
from Fut4/72/2 mice exhibit decreased survival but not dimin-
ished production of Th1 cytokines suggests that fucosylation of
core 2 O-glycans is not necessary for optimal TCR engagement on
CD4+ T cells. In addition, Fut7 but not Fut4 is induced in CD4+

T cells by 48 h after TCR signaling via anti-CD3 stimulation
in vitro (47), and is inhibited by blocking cell division (26). Thus,
contributions of Fut7 and/or Fut4 to CD4+ T cell survival occurs
after initial TCR signals are received, and the addition of terminal
fucose residues to glycans may play a key role regulating the
response to survival signals that are necessary for the optimal
differentiation of effector T cells, which can give rise to memory
cells. In support of the possibility that Fut7 can regulate signaling
through cell surface receptors, is the finding that sLex is expressed
on the insulin receptor a subunit in human hepatocarcinoma cells,
and that induced overexpression of Fut7 leads to tyrosine phos-
phorylation of insulin receptor substrate-1 as well as activation of
PI3K/Akt, and MAP kinases (48). Thus, Fut7 expression could,
for example, be required for fucosylation of receptors that mediate
CD4+ effector T cell survival, such as cytokines [e.g., IL-6 (49)] or
molecules that impact cellular metabolism such as glucose
transporters and lipids [e.g., Glut-1 (50)].

FIGURE 8. CD4+ T cells require fucosyltransferase activity to generate tissue-resident memory cells. WT and Fut4/72/2 OT-II CD4+ T cells were

cotransferred into WT mice and infected with PR8-OVAII i.n. to generate memory T cells and tissues analyzed at 30 dpi. (A) Memory T cell subsets were

quantified based on TCM (CD62L+), TEM (CD62L2), and TRM (CD62L2CD69+CXCR3+) phenotypes and representative FACS plots are shown. (B)

Frequencies of memory T cells expressing LFA-1, b1-integrin, and a1-integrin. WT cells were gated by CD4+CD45.1+ and Fut4/72/2 cells by CD4+

Thy1.1+ staining. Data are representative of three independent experiments with $5 mice per group. Error bars indicate SEM. A two-tailed

unpaired Student t test statistical analysis was used to compare outcomes. Significance was set to p , 0.05 and represented as *p , 0.05, **p , 0.005, and

***p , 0.001.
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It is striking that we did not observe changes in CD4+ effector
T cell proliferation or cytokine production in Fut4/72/2 compared
with WT T cells in the lymphoid compartment, which would
have suggested the dramatic impairment of secondary effector
responses. These results suggest the possibility that the critical
temporal requirement for CD4+ T cell regulation by Fut4/7 occurs
at the level of the effector to memory cell transition, which leads
to a smaller cohort of persisting memory cells. Furthermore, TCM

and TEM cells were significantly more prevalent in the lungs and
dLN in the Fut4/72/2 population, whereas TRM cells dramatically
reduced, suggesting a failure to form memory cells with the ca-
pacity to persist in the tissues. Although we did not identify a
functional defect, we did observe diminished expression of T-bet by
Fut4/72/2 CD4+ effector T cells in the lungs where their decreased
recovery/survival was most pronounced. Although T-bet expression
is associated with IFN-g production by CD4+ effector T cells, the
deficiency of this transcription factor does not necessarily impact
IFN-g production (51), which could account for our finding of
comparable responses of primary WT and Fut4/72/2 CD4+ effector
T cells. Although T-bet and several other transcription factors have
been extensively studied in CD8+ T cells, which require T-bet ex-
pression for memory formation (52), few studies have addressed its

role in CD4+ T cell differentiation. In one study, diminished T-bet
expression was found to distinguish CD4+ memory T cell precur-
sors in the acute LCMV infection model (53). However, another
study demonstrated that CD4+ T cell memory develops in the ab-
sence of T-bet in this model (54). Therefore, our findings of de-
creased T-bet expression by Fut4/72/2 CD4+ effector T cells in the
lungs is most likely reflective of a lower extent of effector differ-
entiation that may be linked to the inability of Fut4/72/2 CD4+

effector T cells to induce fucosylation of sLex in response to IL-12
and STAT-4 signaling. In this regard, it is important to note that
effector CD4+ T cells can give rise to persistent, functional memory
cells with high efficiency (55, 56). We therefore conclude that
differences in T-bet expression are unlikely to account for the
profound defect in memory responses by Fut4/72/2 CD4+ T cells,
but rather that a dynamic interplay of T-bet and fucosylation plays
an unexpected role in the regulation of CD4+ T cell responses.
It is not clear why Fut4/72/2 CD4+ T cells that persist after the

contraction phase of the response to influenza virus infection have
such a profound defect in their capacity to increase in numbers
after secondary challenge even when transferred in a 1:1 ratio with
WT cells into naive hosts. The few T cells detected during
secondary challenge engage in the response as measured by

FIGURE 9. Fut4/72/2 CD4+ T cells fail to accumulate after secondary infection. WT and Fut4/72/2 OT-II CD4+ T cells were cotransferred in WT mice

and infected with PR8-OVAII i.n. to generate memory T cells. (A) Memory T cells were sorted from the spleen at 30 dpi and cotransferred at 1:1 ratio in

naive WT mice that were subsequently infected with PR8-OVAII. (B) Frequencies of WT or Fut4/72/2 OT-II T cells at 9 and 20 dpi in the indicated tissues.

(C) Absolute numbers of WT and Fut4/72/2 OT-II T cells in lung, dLN, and spleen at the indicated time points. (D) BrdU incorporation in dLN at 6 dpi.

WT cells were gated by CD4+CD45.1+ and Fut4/72/2 cells by CD4+Thy1.1+ staining. Data are representative of two independent experiments with $5

mice per group. Error bars indicate SEM. A two-tailed unpaired Student t test statistical analysis was used to compare outcomes. Significance was set to

p , 0.05 and represented as *p , 0.05, **p , 0.005, and ***p , 0.001.
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proliferation, indicating that a minor population escaped the fate
of what is very likely to be large-scale activation-induced apo-
ptosis. However, our results support a conclusion that the induc-
tion of fucosylation as part of remodeling of cell surface proteins
and potentially lipids by glycosylation in response to CD4+ T cell
activation and effector differentiation can have profound effects on
the regulation of memory responses. Moreover, it is important to
emphasize that fucosylation per se is a sufficiently minor change
in the overall cell surface glycan modifications, so significant ef-
fects on the distribution of molecules such as the selectin ligands
PSGL-1, CD44, and CD43 are not likely to account for the
changes in secondary responses that we observed.
We conclude that the induction of fucosylation, in this study

exemplified by Fut7, and possibly to a lesser extent Fut4, has an
unanticipated role in the regulation of CD4+ effector T cell re-
sponses to influenza virus infection that is primarily manifested by
the support of survival, particularly during the contraction phase
of the response, which also governs the fitness of the memory
population to respond to secondary challenge. In total, our study
underscores the importance of considering posttranslational gly-
cosylation of proteins and possibly lipids as fundamental to de-
termining T cell fate determination and the formation of
functional memory cells in the response to microbial infections.
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