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Abstract

Background: Long-term protective immunity to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) remains poorly characterized, particularly in solid organ
transplant (SOT) patients.

Method: We determined the incidence density of SARS-CoV-2 reinfection in a cohort
of adult SOT recipients initially infected between March 1st, 2020 and March 30th,
2021 and included those with initial infection before or after transplantation. Incidence
density was the total cases divided by total days after initial diagnosis with active graft.
Results: Of 210 infected recipients, five (2.4%) developed reinfection, including two
who had received full MRNA vaccination, but none developed hypoxia. The incidence
density for reinfection was 9.4 (95% confidence interval [Cl] 3.9-22.6) and for pri-
mary infection the density was 9.1 (95% Cl 7.9-10.5) cases/100,000 patient days. Two
recipients had immunity evaluated in the weeks prior to reinfection, by measuring
immunoglobulin-G (IgG) antibody titer to the SARS-CoV-2 receptor binding domain
and virus-specific CD4+ and CD8+ T-cell reactivity following stimulation with SARS-
CoV-2 peptide pools. Both mounted virus specific CD4 T-cell responses prior to rein-
fection (1.19% and 0.28% of total CD4 T cells) and both had reactive IgG testing (1.30
and 4.99 signal/cut off ratio).

Conclusions: This suggests that SOT recipients infected with SARS-CoV-2 remain at

high risk for reinfection even after generating cellular and humoral immune responses.
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1 | BACKGROUND

Coronavirus disease 2019 (COVID-19) is a viral disease due to
infection with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), resulting in millions of infections and deaths world-
wide, along with immense research focus. In the general population,
immunoglobulin-G (IgG) antibodies generated after natural infection®
or vaccination? were associated with protection from subsequent
infection. Some important lingering questions involve the extent and
durability of protective immunity in solid organ transplant (SOT) recip-
ients.

Studies reporting incidence of SARS-CoV-2 reinfection have been
limited to cohorts of the general population. A multicenter retrospec-
tive analysis on reinfection during the first year of the pandemic in
Lombardy, Italy, reported a reinfection incidence density of 1.0 cases
per 100,000 person days in a cohort from contact tracing and screen-
ing databases, compared to 15.1 cases per 100,000 person days for
primary infections.? A prospective study using bimonthly polymerase
chain reaction (PCR) testing in UK health workers found an incidence
density of 7.6 cases per 100,000 patient days, compared to 57.3 cases
per 100,000 person days for primary infections.*

In SOT recipients, SARS-CoV-2 nasopharyngeal (NP) swab PCR
and culture positivity are often significantly longer than the gen-
eral population,® suggesting delayed or impaired initial host immune
responses. Tomkins-Tinch et al. described an SOT recipient diagnosed
with SARS-CoV-2 reinfection based on whole genome sequencing®
and other cases of SOT recipients fulfilling the investigative criteria
defined by the Centers for Disease Control and Prevention (CDC)”
have been observed. Immunity after vaccination is also suboptimal in
SOT recipients and breakthrough infection have occurred despite full
mRNA vaccination.? Here, we describe a case series of reinfection in
SOT recipients, along with the incidence density of reinfection of a
large SOT center in United States. Also, we report convalescent virus-
specific humoral and T-cell immunity from two of the patients approx-
imately 6 months after initial infection and prior to SARS-CoV-2 rein-
fection.

2 | METHODS

We performed a retrospective cohort study of SARS-CoV-2 reinfec-
tionin SOT recipients at the Miami Transplant Institute, Jackson Health
System, Miami, Florida, United States. The Miami Transplant Institute
is one of the largest transplant centers in North America, perform-
ing more than 700 deceased donor transplants annually and providing
comprehensive care after transplantation. Since the beginning of the
pandemic, our institute has had systems in place to identify and cata-
log reports of positive SARS-CoV-2 testing. Per protocol, pre- and post-
transplant recipients were instructed to notify their transplant coor-
dinator with any confirmed or suspected SARS-CoV-2 infection. Once
notified, recipients were recommended to get evaluated at our insti-
tute and if the care was sought elsewhere, the reports were obtained.
All patients were required to have PCR testing prior to hospital admis-

sion or procedures. After initial infection, recipients were tested until
negative and were contacted via phone at least monthly for 6 months
to inquire about symptoms and further test results.

Patients who were included in this study were at least 18 years old
with positive NP swab PCR prior or after transplantation, between Ma
rch 1st, 2020 and March 31st, 2021. We followed those patients up to
death or July 31, 2021. Consistent with other studies, reinfection was
defined as positive PCR testing separated by at least 90 days and two
negative tests regardless of symptoms®+7 To calculate the incidence
density of primary infection and reinfection, we divided total cases of
the event by total duration of follow-up at risk for the event with active
graft—to describe the incidence density in patients on immunosup-
pressive medications. The method to calculate 95% confidence inter-
val (Cl) is described elsewhere.? If available, cycle threshold (Ct) value,
which is inversely proportional to viral load,'© was obtained to confirm
whether the Ct value had decreased from the last positive testing of
the initial infection to the first positive test of suspected reinfection.
Also, per CDC, it is required to have two negative PCR testing before
confirmed reinfection.”

Two patients had participated in our prospective observational
study evaluating convalescent immunity 6 months after PCR confirmed
SARS-CoV-2 infection. Briefly, we measured IgG titer to the SARS-
CoV-2 spike protein receptor binding domain (RBD) using enzyme-
linked immunosorbent assay. We also assessed CD4+ and CD8+ T-cell
reactivity by stimulating peripheral blood mononuclear cells in vitro
with peptide pools, encompassing both the SARS-CoV-2 spike protein
and predicted immunodominant epitopes outside of the spike protein,
and performing activation induced marker (AIM) assays!112 to detect
virus-specific activated T cells by flow cytometry.

PCR testing was performed using the Cepheid Xpert® platform,
with Ct value of 38.30 for target N2 corresponding to the lower limit of
detection. Clinical IgG antibody testing was performed via Ortho Diag-
nostics® platform (anti-S1 protein), expressed in signal/cut off ratio
(s/co) (lower limit of positivity: 1.0). This study was approved by Uni-
versity of Miami Institutional Review Board and conducted consistent
with principles embodied in the Declaration of Helsinki.

3 | RESULTS

3.1 | Incidence density and characteristics of
reinfection in SOT recipients

On March 1st, 2020, when the first case of SARS-CoV-2 infection was
identified in the state of Florida, our center followed 5919 recipients
with active graft. During the study, we identified 14 SOT recipients
diagnosed with initial SARS-CoV-2 infection prior to transplant and
196 diagnosed after SOT, with the latter having incidence density of
9.1(95% CI 7.9-10.5) cases/100,000 patient days. Of note, 210 recip-
ients included 150 kidney, 18 liver, 16 heart, six lung, and 20 com-
bined transplants. Out of those 210 recipients, 5 (2.4%) developed
PCR confirmed reinfection with the incidence density of 9.4 (95% Cl
3.9-22.6) cases/100,000 patient days. When analysis for subjects with
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initial infection after transplantation, the incidence density was 6.0
(95% Cl 1.9-18.6) cases/100,000 patient days.

The five reinfection cases are summarized in the Table 1 and Table
S1, which includes two cases of mRNA vaccine breakthrough. Two and
three cases developed their first infection prior and after transplant,
respectively. The median time to reinfection was 308 (range: 287-349)
days. Of note, Patient 1 had the third infection and two of the other
four patients had the second infection after the Delta (B.1.617.2) vari-
ant had been detected in the Miami metropolitan area.’3

All patients had sufficiently low Ct values (< 33) per CDC investiga-
tive criteria® except for one case (Patient 2) in whom Ct value could
not be obtained but the patient had symptoms consistent with COVID-
19. For the primary infections, all five recipients developed acute viral
symptoms, but one recipient’s testing was conducted as a part of rou-
tine admission testing. For reinfection, four of five recipients had viral
symptoms including respiratory symptoms and the other was diag-
nosed on testing during admission for hyperkalemia. Details on illness
characteristics are described in Table S1.

Four were hospitalized for the first infection and two for the latter.
None of the patients had documented hypoxia during either hospital-
ization. As shown in Table S1, four patients had clinical serology avail-
able before the second infection: two had unreactive IgG testing per-
formed several weeks after the first infection and other two had reac-
tive IgG testing within about 1 month of reinfection, although one of
these recipients (Patient 3) only had reactive IgG testing following sub-

sequent vaccination and not primary infection.

3.2 | Immunity study

Two SOT recipients participated in the prospective immunity study
(Table 1, Patient 1 and 2). Patient 1 participated in the study at day 171
since initial diagnosis, which was 39 days prior to reinfection. IgG titer
was 1.30 SCR (reactive: > 1.0). Total SARS-CoV-2-specific activated
CD4+ and CD8+ T-cell responses were 1.19% and 0.20%, respec-
tively. Of note, SARS-CoV-2 PCR on the day of study visit was negative.
Patient 2 participated in the study at day 208 since initial diagnosis and
79 days prior to reinfection. 1gG titer and total SARS-CoV-2-specific
activated CD4+ were 4.99 SCR and 0.28%, respectively, but no total
SARS-CoV-2-specific activated CD8+ T-cell responses were identified
(Figure 1).

4 | DISCUSSION

This study identified the incidence density of SARS-CoV-2 reinfec-
tion confirmed by quantitative PCR in one of the largest SOT centers,
located in a COVID-19 high incidence area. Also, we report detailed
information of the five cases of reinfection and describe the convales-
cent humoral and cellular immunity to SARS-CoV-2 in two of the cases
just prior to the reinfection.

This is the first study reporting the incidence density of SARS-CoV-

2 reinfection in SOT recipients. Compared to prior studies of reinfec-

tion in the general population, the incidence density in SOT recipients
was higher than another retrospective study in Italy® using proactive
case finding and was comparable to a prospective study with bimonthly
sampling.* The higher reinfection rate among SOT recipients may sug-
gest a potential impact of immunosuppression, consistent with a recent
study reporting immunosuppression as a significant risk factor for
SARS-CoV-2 vaccine breakthrough infection.'* However, the impact of
immunosuppression on reinfection should be confirmed with further
studies comparing subjects from similar geographic locations and from
comparable intervals of the pandemic to account for regional differ-
ences in circulating virus and adherence to public health measures.

Of five subjects who had IgG serology available within approxi-
mately 3 months of reinfection, three had reactive testing in either clin-
ical or research studies. Both subjects in the immunity study experi-
enced mild disease in both infections and mounted virus-specific CD4+
T-cell responses comparable to data from the general population.112
This is consistent with robust CD4+ T-cell responses reported in SOT
recipients 3 months after SARS-CoV-2 infection.’®> Taken together,
these data are hypothesis-generating and further studies should eval-
uate immune correlates in SOT recipients at least 6 months after natu-
ral infection®17 —timing which corresponds to long-term immunity 8
and increased risk of reinfection.! It is unclear what led to the discor-
dance between immune correlates and protection from infection in our
study. One possibility is that IgG-RBD titers and T-cell reactivity corre-
late with protection from infection, but the magnitudes we observed do
not correspond to a level above the threshold of protection—which has
not been well defined.’é17 Another possibility is that serum markers
are correlates of protection from severe disease but are weaker sur-
rogate markers in the context of reinfection, in which mucosal IgA and
resident memory T cells compartmentalized in the upper respiratory
tract are likely crucial’?~23—and we did not measure these. However,
Kute et al. documented some severe cases in SOT recipients with rein-
fection, as opposed to our study.2* Out of 13 reinfection kidney trans-
plant recipients, around half (6/13, 46.2%) developed severe disease.?*

The strengths of this study are the large size of the cohort with
proactive systems for case finding of positive tests, as well as the for-
tuitous timing of the mechanistic immunity study in two of the cases;
close to reinfection but with negative PCR testing before and after this
blood draw: a true convalescent sample. Such data are quite limited?®
and there are no published studies of cellular immunity during or espe-
cially just before reinfection.6:17

Our report has some limitations to be considered. A limitation of
the incidence density study is that diagnosis with a second SARS-CoV-
2 infection elsewhere would increase the incidence if patients diag-
nosed elsewhere did not report this to our institute. However, our
transplant care services import and integrate most outside testing into
the electronic medical records. Second, the data reported encompass
only the first few weeks of the emergence of the Delta (B.1.617.2)
variant in the Miami metropolitan areal® and did not study reinfec-
tion with the Omicron (B.1.1.529) variant. Since these variants have

greater infectivity and reduced protection afforded by vaccines, 26

we
anticipate the rate of reinfection may be even greater than what we

report. Third, we could not perform whole genome sequencing due to
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FIGURE 1 Flow cytometry. (A) CD4+CD69+CD40L, B: CD8+CD69+CD137. Severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2-specific T cells were identified by flow cytometry using activation-induced marker (AIM) assay after 24 hours stimulation of
peripheral blood mononuclear cell with non-spike (R), and spike (S) megapools for CD4 T cells and CD8 A and CD8 B megapools for CD8 T cells.
SARS-CoV-2-specific (A) CD4 T cells were identified as frequencies of CD69+, CD40L+ cells and (B) CD8 T cells as frequencies of CD69+

CD137+cells

the limited time our laboratory can preserve PCR specimen and inabil-
ity to obtain PCR samples from other centers. Fourth, the vaccination
strategies have been changed over time and it also should affect the
rate of reinfection. Thus, the result of this study may not be gener-
alized to the current situation. Fifth, we cannot make conclusions on
protection from severe disease conferred by natural infection due to
the small number of reinfection cases and some patients being vacci-
nated or treated with monoclonal antibodies, which can protect against
severe disease.?’-28 Finally, the limitation of the immunity study is that
we only assessed cellular immunity based on circulating virus-specific
T-cell abundance and humoral immunity via SARS-CoV-2 spike protein
RBD IgG antibody titers. Both are strongly correlated to neutralizing
antibody titers,'>27-31 which are correlated to protection from infec-
tion and severe disease, 27 but further study is needed.

Our results suggest SOT recipients infected with SARS-CoV-2, even
those with an initially reactive 1gG or cellular response, remain at
risk for reinfection in months ahead. This population should continue
adhering to regional public health recommendations. Further studies
should examine correlates of protection from vaccine and convales-
cent immunity in immunocompromised hosts and evaluate the ability
of SARS-CoV-2 vaccination to enhance and prolong both humoral and

T-cell immunity in those recovered from SARS-CoV-2 infection.
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